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The effect of thermal fluctuation on the spin-chirality-induced anomalous Hall effect in itinerant
magnets is theoretically studied. Considering a triangular-lattice model as an example, we find
that a multiple-spin scattering induced by the fluctuating spins increases the Hall conductivity at
a finite temperature. The temperature dependence of anomalous Hall conductivity is evaluated by
a combination of an unbiased Monte Carlo simulation and a perturbation theory. Our results show
that the Hall conductivity can increase up to 103 times the ground state value; we discuss that this
is a consequence of a skew scattering contribution. This enhancement shows the thermal fluctuation
significantly affects the spin-chirality-related Hall effect. Our results are potentially relevant to the
thermal enhancement of anomalous Hall effect often seen in experiments.
I. INTRODUCTION
Anomalous Hall effect (AHE) has been one of the cen-
tral topics in the study of quantum transport phenom-
ena [1]. Continuous study over more than a century have
revealed that AHE shows rich properties which attracts
the interest not only from basic science but also from ap-
plications (e.g., high-accuracy Hall-effect sensors) [2, 3].
Microscopically, the mechanism of the AHE is often clas-
sified into two groups: Intrinsic mechanism related to the
Berry curvature of the electronic bands [4] and the ex-
trinsic mechanism due to impurity scattering [5–7]. The
difference in the microscopic origin is often reflected in
the behaviors of the AHE. For instance, the intrinsic
AHE reflects singular structures in the Berry curvature.
This gives rise to non-monotonic temperature (T ) [8] and
field [9] dependence of the anomalous Hall conductivity
σAHE. On the other hand, the extrinsic AHE by magnetic
scatterings shows a peaklike enhancement of the Hall re-
sistivity at a certain T which characterizes the underlying
physics such as the magnetic transition [10] and coher-
ence [11–13] T s. These rich features of the AHE have
been intensively studied in both theory and experiment,
and are also useful in identifying the physics behind the
phenomena.
Among various studies, a recent breakthrough was the
discovery of AHE related to scalar spin chirality which
is often called topological Hall effect (THE). Scalar spin
chirality is a quantity defined by the scalar triple prod-
uct of magnetic moments S1 · (S2 × S3), where Si is a
local magnetic moment [Fig. 1(a)]). This quantity is a
measure of the non-coplanar nature of spin texture be-
cause the spin chirality is zero whenever the three spins
lie in a same plane. It was pointed out that the spins
produce a fictitious magnetic field b when the three ad-
jacent spins have a finite scalar spin chirality, resulting
in an AHE [14–16] [Fig. 1(a)]. Alternatively, it is in-
terpreted as an AHE due to the magnetic scattering by
multiple scatterers [17, 18]. The spin-chirality-related
mechanism is studied in various materials, such as per-
ovskite [19–22] and pyrochlore [16] oxides, chiral mag-
nets [23–26], triangular oxides [27–31], and kagome anti-
ferromagnets [32, 33]. The THE in these materials are of-
ten investigated by the magnetic field dependence, which
are consistent with the theoretical predictions [16, 23, 24].
In contrast, the T dependence of the THE in the
non-coplanar magnetic states is less understood. The
Hall conductivity is expected to decrease with increasing
temperature in magnets with non-coplanar magnetic or-
ders because the scalar spin chirality decreases [Curve B
in Fig. 1(b)]. In experiment, however, many materials
show an increase of the Hall conductivity with increas-
ing T [25, 30, 31] [Curve A of Fig. 1(b)]; some materials
show the maximum slightly above the magnetic transi-
tion temperature Tc [30, 31]. This is in contrast to the
known theories, where the maximum is expected to be
below [10] or much [11] higher than Tc. To the best of
our knowledge, no theoretical understanding on the T
dependence is reached so far.
In this work, we theoretically study the enhancement of
Hall conductivity (σTHE) by the thermal fluctuation fo-
cusing on the fluctuation-induced skew scattering. As an
example, we consider a triangular lattice model with four-
sublattice non-coplanar order called 3Q order [Figs. 1(c)
and 1(d)]. The T dependence of σTHE is calculated com-
bining a Monte Carlo (MC) simulation and a large-size
numerical calculation using Kubo formula. We find that
σTHE increases with increasing T , sometimes up to 10
3
times compared with the ground state. The scan over the
carrier density nel (0.1 ≤ nel ≤ 1.9), which is the average
number of electrons per site, shows the enhancement due
to the skew scattering by multiple spins generally appears
in this model. Our results show the thermal fluctuation
causes enhancement of AHE at finite T .
II. MODEL
In this study, we consider a classical Heisenberg spin
model on a triangular lattice as an example of short-
range non-coplanar magnetic order [34]. The Hamilto-
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<latexit sha1_bas e64="SNQvek6sK3pE9oCIhINEQHW/zAM= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNXkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v19Mo6Q=</latexit><latexit sha1_bas e64="SNQvek6sK3pE9oCIhINEQHW/zAM= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNXkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v19Mo6Q=</latexit><latexit sha1_bas e64="SNQvek6sK3pE9oCIhINEQHW/zAM= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNXkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v19Mo6Q=</latexit><latexit sha1_bas e64="SNQvek6sK3pE9oCIhINEQHW/zAM= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNXkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v19Mo6Q=</latexit>
p
<latexit sha1_bas e64="WMVWrGxqjV1dTRNjJVBaRjF/+PI= ">AAACInicbZDPSgMxEMYT/9v6p+rRS7AI HqTsSkGPghePCtYK7VJm02kbTLIhyQpl6 RN41TfwabyJJ8GHMa092NYPBn58M8MwX2 qkcD6KvujS8srq2vrGZqm8tb2zW9nbv3d Zbjk2eCYz+5CCQyk0NrzwEh+MRVCpxGb6e DXuN5/QOpHpOz80mCjoa9ETHHywbk2nUo 1q0URsEeIpVMlUN509Wm53M54r1J5LcK4 VR8YnBVgvuMRRqZ07NMAfoY8tqBswaE8l6 K7jAZOij5lCb4ezgwE1KHRJMXlpxI6D02 W9zIbSnk3cvxsFKOeGKg2TCvzAzffG5n+ 9Vu57F0khtMk9av57qJdL5jM2zod1hUXu 5TAAcCvCU4wPwAL3IcWZK6kalUJ88XxYi3 B/VosD39arl/VpkBvkkByRExKTc3JJrsk NaRBOkDyTF/JK3+g7/aCfv6NLdLpzQGZE v38AZkSjqA==</latexit><latexit sha1_bas e64="WMVWrGxqjV1dTRNjJVBaRjF/+PI= ">AAACInicbZDPSgMxEMYT/9v6p+rRS7AI HqTsSkGPghePCtYK7VJm02kbTLIhyQpl6 RN41TfwabyJJ8GHMa092NYPBn58M8MwX2 qkcD6KvujS8srq2vrGZqm8tb2zW9nbv3d Zbjk2eCYz+5CCQyk0NrzwEh+MRVCpxGb6e DXuN5/QOpHpOz80mCjoa9ETHHywbk2nUo 1q0URsEeIpVMlUN509Wm53M54r1J5LcK4 VR8YnBVgvuMRRqZ07NMAfoY8tqBswaE8l6 K7jAZOij5lCb4ezgwE1KHRJMXlpxI6D02 W9zIbSnk3cvxsFKOeGKg2TCvzAzffG5n+ 9Vu57F0khtMk9av57qJdL5jM2zod1hUXu 5TAAcCvCU4wPwAL3IcWZK6kalUJ88XxYi3 B/VosD39arl/VpkBvkkByRExKTc3JJrsk NaRBOkDyTF/JK3+g7/aCfv6NLdLpzQGZE v38AZkSjqA==</latexit><latexit sha1_bas e64="WMVWrGxqjV1dTRNjJVBaRjF/+PI= ">AAACInicbZDPSgMxEMYT/9v6p+rRS7AI HqTsSkGPghePCtYK7VJm02kbTLIhyQpl6 RN41TfwabyJJ8GHMa092NYPBn58M8MwX2 qkcD6KvujS8srq2vrGZqm8tb2zW9nbv3d Zbjk2eCYz+5CCQyk0NrzwEh+MRVCpxGb6e DXuN5/QOpHpOz80mCjoa9ETHHywbk2nUo 1q0URsEeIpVMlUN509Wm53M54r1J5LcK4 VR8YnBVgvuMRRqZ07NMAfoY8tqBswaE8l6 K7jAZOij5lCb4ezgwE1KHRJMXlpxI6D02 W9zIbSnk3cvxsFKOeGKg2TCvzAzffG5n+ 9Vu57F0khtMk9av57qJdL5jM2zod1hUXu 5TAAcCvCU4wPwAL3IcWZK6kalUJ88XxYi3 B/VosD39arl/VpkBvkkByRExKTc3JJrsk NaRBOkDyTF/JK3+g7/aCfv6NLdLpzQGZE v38AZkSjqA==</latexit><latexit sha1_bas e64="WMVWrGxqjV1dTRNjJVBaRjF/+PI= ">AAACInicbZDPSgMxEMYT/9v6p+rRS7AI HqTsSkGPghePCtYK7VJm02kbTLIhyQpl6 RN41TfwabyJJ8GHMa092NYPBn58M8MwX2 qkcD6KvujS8srq2vrGZqm8tb2zW9nbv3d Zbjk2eCYz+5CCQyk0NrzwEh+MRVCpxGb6e DXuN5/QOpHpOz80mCjoa9ETHHywbk2nUo 1q0URsEeIpVMlUN509Wm53M54r1J5LcK4 VR8YnBVgvuMRRqZ07NMAfoY8tqBswaE8l6 K7jAZOij5lCb4ezgwE1KHRJMXlpxI6D02 W9zIbSnk3cvxsFKOeGKg2TCvzAzffG5n+ 9Vu57F0khtMk9av57qJdL5jM2zod1hUXu 5TAAcCvCU4wPwAL3IcWZK6kalUJ88XxYi3 B/VosD39arl/VpkBvkkByRExKTc3JJrsk NaRBOkDyTF/JK3+g7/aCfv6NLdLpzQGZE v38AZkSjqA==</latexit>
t
<latexit sha1_bas e64="hoKDcuKXuWKhnklCfVrKOBKyaVM= ">AAACInicbZDLSgNBEEV74ismPqIu3QwG wYWEGQnoUnDjMgGjQhykplNJmnT3DN01w jDkC9zqH/g17sSV4MfYeSxM9ELB4VYVRd 04lcJSEHx5pZXVtfWN8malurW9s1vb27+ 1SWY4dngiE3Mfg0UpNHZIkMT71CCoWOJdP Lqa9O+e0FiR6BvKU4wUDLToCw7krDY91u pBI5jK/wvhHOpsrtbjnld96CU8U6iJS7C 2GwYpRQUYElziuPKQWUyBj2CAXWimkKI5l aB7ljuMigEmCsnki4MONSi0UTF9aewfO6 fn9xPjSpM/dX9vFKCszVXsJhXQ0C73JuZ /vW5G/YuoEDrNCDWfHepn0qfEn+Tj94RB TjJ3ANwI95TPh2CAk0tx4UqsxhUXX7gc1l +4PWuEjtvN+mVzHmSZHbIjdsJCds4u2TV rsQ7jDNkze2Gv3pv37n14n7PRkjffOWAL 8r5/AG08o6w=</latexit><latexit sha1_bas e64="hoKDcuKXuWKhnklCfVrKOBKyaVM= ">AAACInicbZDLSgNBEEV74ismPqIu3QwG wYWEGQnoUnDjMgGjQhykplNJmnT3DN01w jDkC9zqH/g17sSV4MfYeSxM9ELB4VYVRd 04lcJSEHx5pZXVtfWN8malurW9s1vb27+ 1SWY4dngiE3Mfg0UpNHZIkMT71CCoWOJdP Lqa9O+e0FiR6BvKU4wUDLToCw7krDY91u pBI5jK/wvhHOpsrtbjnld96CU8U6iJS7C 2GwYpRQUYElziuPKQWUyBj2CAXWimkKI5l aB7ljuMigEmCsnki4MONSi0UTF9aewfO6 fn9xPjSpM/dX9vFKCszVXsJhXQ0C73JuZ /vW5G/YuoEDrNCDWfHepn0qfEn+Tj94RB TjJ3ANwI95TPh2CAk0tx4UqsxhUXX7gc1l +4PWuEjtvN+mVzHmSZHbIjdsJCds4u2TV rsQ7jDNkze2Gv3pv37n14n7PRkjffOWAL 8r5/AG08o6w=</latexit><latexit sha1_bas e64="hoKDcuKXuWKhnklCfVrKOBKyaVM= ">AAACInicbZDLSgNBEEV74ismPqIu3QwG wYWEGQnoUnDjMgGjQhykplNJmnT3DN01w jDkC9zqH/g17sSV4MfYeSxM9ELB4VYVRd 04lcJSEHx5pZXVtfWN8malurW9s1vb27+ 1SWY4dngiE3Mfg0UpNHZIkMT71CCoWOJdP Lqa9O+e0FiR6BvKU4wUDLToCw7krDY91u pBI5jK/wvhHOpsrtbjnld96CU8U6iJS7C 2GwYpRQUYElziuPKQWUyBj2CAXWimkKI5l aB7ljuMigEmCsnki4MONSi0UTF9aewfO6 fn9xPjSpM/dX9vFKCszVXsJhXQ0C73JuZ /vW5G/YuoEDrNCDWfHepn0qfEn+Tj94RB TjJ3ANwI95TPh2CAk0tx4UqsxhUXX7gc1l +4PWuEjtvN+mVzHmSZHbIjdsJCds4u2TV rsQ7jDNkze2Gv3pv37n14n7PRkjffOWAL 8r5/AG08o6w=</latexit><latexit sha1_bas e64="hoKDcuKXuWKhnklCfVrKOBKyaVM= ">AAACInicbZDLSgNBEEV74ismPqIu3QwG wYWEGQnoUnDjMgGjQhykplNJmnT3DN01w jDkC9zqH/g17sSV4MfYeSxM9ELB4VYVRd 04lcJSEHx5pZXVtfWN8malurW9s1vb27+ 1SWY4dngiE3Mfg0UpNHZIkMT71CCoWOJdP Lqa9O+e0FiR6BvKU4wUDLToCw7krDY91u pBI5jK/wvhHOpsrtbjnld96CU8U6iJS7C 2GwYpRQUYElziuPKQWUyBj2CAXWimkKI5l aB7ljuMigEmCsnki4MONSi0UTF9aewfO6 fn9xPjSpM/dX9vFKCszVXsJhXQ0C73JuZ /vW5G/YuoEDrNCDWfHepn0qfEn+Tj94RB TjJ3ANwI95TPh2CAk0tx4UqsxhUXX7gc1l +4PWuEjtvN+mVzHmSZHbIjdsJCds4u2TV rsQ7jDNkze2Gv3pv37n14n7PRkjffOWAL 8r5/AG08o6w=</latexit>
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<latexit sha1_bas e64="NkhKF+23m3ut0qVUS/KZ0pniVQY= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNVkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v1oSo6E=</latexit><latexit sha1_bas e64="NkhKF+23m3ut0qVUS/KZ0pniVQY= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNVkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v1oSo6E=</latexit><latexit sha1_bas e64="NkhKF+23m3ut0qVUS/KZ0pniVQY= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNVkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v1oSo6E=</latexit><latexit sha1_bas e64="NkhKF+23m3ut0qVUS/KZ0pniVQY= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R xiGfIFb/QO/xp24EvwYO4+FSbxQcLhVRV E3jDnTxvO+ndzO7t7+Qf6wUDw6Pjktlc/ aOkoUxRaNeKS6IWjkTGLLMMOxGysEEXLsh NOHeb/zjEqzSD6ZNMZAwFiyEaNgrNVkg1 LFq3oLudvgr6BCVmoMyk6xP4xoIlAaykH rnu/FJshAGUY5zgr9RGMMdApj7EEthhjVD Qc51NRikI0xEmhUuj5oUYJAHWSLl2bulX WG7ihStqRxF+7fjQyE1qkI7aQAM9Gbvbn 5X6+XmNF9kDEZJwYlXR4aJdw1kTvPxx0y hdTw1AJQxexTLp2AAmpsimtXQjEr2Pj8zb C2oX1b9S03a5V6bRVknlyQS3JNfHJH6uS RNEiLUILkhbySN+fd+XA+na/laM5Z7ZyT NTk/v1oSo6E=</latexit>
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<latexit sha1_bas e64="2CPowZvkmkBpiEHjfOkkzfiTSYk= ">AAACInicbZDLSgNBEEV7fMbER6JLN4NB cCFhRgK6DLhxmYB5QDKEmk4ladPdM3T3C MOQL3Crf+DXuBNXgh9j57EwiRcKDreqKO qGMWfaeN63s7W9s7u3nzvIFw6Pjk+KpdO WjhJFsUkjHqlOCBo5k9g0zHDsxApBhBzb4 eR+1m8/o9Isko8mjTEQMJJsyCgYazWe+s WyV/HmcjfBX0KZLFXvl5xCbxDRRKA0lIP WXd+LTZCBMoxynOZ7icYY6ARG2IVqDDGqa w5yoKnFIBthJNCodHXQogSBOsjmL03dS+ sM3GGkbEnjzt2/GxkIrVMR2kkBZqzXezP zv143McO7IGMyTgxKujg0TLhrIneWjztg CqnhqQWgitmnXDoGBdTYFFeuhGKat/H562 FtQuum4ltuVMu16jLIHDknF+SK+OSW1Mg DqZMmoQTJC3klb8678+F8Ol+L0S1nuXNG VuT8/AJb0KOi</latexit><latexit sha1_bas e64="2CPowZvkmkBpiEHjfOkkzfiTSYk= ">AAACInicbZDLSgNBEEV7fMbER6JLN4NB cCFhRgK6DLhxmYB5QDKEmk4ladPdM3T3C MOQL3Crf+DXuBNXgh9j57EwiRcKDreqKO qGMWfaeN63s7W9s7u3nzvIFw6Pjk+KpdO WjhJFsUkjHqlOCBo5k9g0zHDsxApBhBzb4 eR+1m8/o9Isko8mjTEQMJJsyCgYazWe+s WyV/HmcjfBX0KZLFXvl5xCbxDRRKA0lIP WXd+LTZCBMoxynOZ7icYY6ARG2IVqDDGqa w5yoKnFIBthJNCodHXQogSBOsjmL03dS+ sM3GGkbEnjzt2/GxkIrVMR2kkBZqzXezP zv143McO7IGMyTgxKujg0TLhrIneWjztg CqnhqQWgitmnXDoGBdTYFFeuhGKat/H562 FtQuum4ltuVMu16jLIHDknF+SK+OSW1Mg DqZMmoQTJC3klb8678+F8Ol+L0S1nuXNG VuT8/AJb0KOi</latexit><latexit sha1_bas e64="2CPowZvkmkBpiEHjfOkkzfiTSYk= ">AAACInicbZDLSgNBEEV7fMbER6JLN4NB cCFhRgK6DLhxmYB5QDKEmk4ladPdM3T3C MOQL3Crf+DXuBNXgh9j57EwiRcKDreqKO qGMWfaeN63s7W9s7u3nzvIFw6Pjk+KpdO WjhJFsUkjHqlOCBo5k9g0zHDsxApBhBzb4 eR+1m8/o9Isko8mjTEQMJJsyCgYazWe+s WyV/HmcjfBX0KZLFXvl5xCbxDRRKA0lIP WXd+LTZCBMoxynOZ7icYY6ARG2IVqDDGqa w5yoKnFIBthJNCodHXQogSBOsjmL03dS+ sM3GGkbEnjzt2/GxkIrVMR2kkBZqzXezP zv143McO7IGMyTgxKujg0TLhrIneWjztg CqnhqQWgitmnXDoGBdTYFFeuhGKat/H562 FtQuum4ltuVMu16jLIHDknF+SK+OSW1Mg DqZMmoQTJC3klb8678+F8Ol+L0S1nuXNG VuT8/AJb0KOi</latexit><latexit sha1_bas e64="2CPowZvkmkBpiEHjfOkkzfiTSYk= ">AAACInicbZDLSgNBEEV7fMbER6JLN4NB cCFhRgK6DLhxmYB5QDKEmk4ladPdM3T3C MOQL3Crf+DXuBNXgh9j57EwiRcKDreqKO qGMWfaeN63s7W9s7u3nzvIFw6Pjk+KpdO WjhJFsUkjHqlOCBo5k9g0zHDsxApBhBzb4 eR+1m8/o9Isko8mjTEQMJJsyCgYazWe+s WyV/HmcjfBX0KZLFXvl5xCbxDRRKA0lIP WXd+LTZCBMoxynOZ7icYY6ARG2IVqDDGqa w5yoKnFIBthJNCodHXQogSBOsjmL03dS+ sM3GGkbEnjzt2/GxkIrVMR2kkBZqzXezP zv143McO7IGMyTgxKujg0TLhrIneWjztg CqnhqQWgitmnXDoGBdTYFFeuhGKat/H562 FtQuum4ltuVMu16jLIHDknF+SK+OSW1Mg DqZMmoQTJC3klb8678+F8Ol+L0S1nuXNG VuT8/AJb0KOi</latexit>
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<latexit sha1_bas e64="cXyiuxdDLAPr2DWX7PYjAb3WF78= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R whDvsCt/oFf405cCX6MnWQWJvFCweFWFU XdMOZMG8/7dnI7u3v7B/nDQvHo+OS0VD5 r6yhRFFs04pHqhqCRM4ktwwzHbqwQRMixE 04fFv3OMyrNIvlkZjEGAsaSjRgFY63mdF CqeFVvKXcb/AwqJFNjUHaK/WFEE4HSUA5 a93wvNkEKyjDKcV7oJxpjoFMYYw9qMcSob jjIoaYWg3SMkUCjZuuDFiUI1EG6fGnuXl ln6I4iZUsad+n+3UhBaD0ToZ0UYCZ6s7c w/+v1EjO6D1Im48SgpKtDo4S7JnIX+bhD ppAaPrMAVDH7lEsnoIAam+LalVDMCzY+fz OsbWjfVn3LzVqlXsuCzJMLckmuiU/uSJ0 8kgZpEUqQvJBX8ua8Ox/Op/O1Gs052c45 WZPz8wtdjqOj</latexit><latexit sha1_bas e64="cXyiuxdDLAPr2DWX7PYjAb3WF78= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R whDvsCt/oFf405cCX6MnWQWJvFCweFWFU XdMOZMG8/7dnI7u3v7B/nDQvHo+OS0VD5 r6yhRFFs04pHqhqCRM4ktwwzHbqwQRMixE 04fFv3OMyrNIvlkZjEGAsaSjRgFY63mdF CqeFVvKXcb/AwqJFNjUHaK/WFEE4HSUA5 a93wvNkEKyjDKcV7oJxpjoFMYYw9qMcSob jjIoaYWg3SMkUCjZuuDFiUI1EG6fGnuXl ln6I4iZUsad+n+3UhBaD0ToZ0UYCZ6s7c w/+v1EjO6D1Im48SgpKtDo4S7JnIX+bhD ppAaPrMAVDH7lEsnoIAam+LalVDMCzY+fz OsbWjfVn3LzVqlXsuCzJMLckmuiU/uSJ0 8kgZpEUqQvJBX8ua8Ox/Op/O1Gs052c45 WZPz8wtdjqOj</latexit><latexit sha1_bas e64="cXyiuxdDLAPr2DWX7PYjAb3WF78= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R whDvsCt/oFf405cCX6MnWQWJvFCweFWFU XdMOZMG8/7dnI7u3v7B/nDQvHo+OS0VD5 r6yhRFFs04pHqhqCRM4ktwwzHbqwQRMixE 04fFv3OMyrNIvlkZjEGAsaSjRgFY63mdF CqeFVvKXcb/AwqJFNjUHaK/WFEE4HSUA5 a93wvNkEKyjDKcV7oJxpjoFMYYw9qMcSob jjIoaYWg3SMkUCjZuuDFiUI1EG6fGnuXl ln6I4iZUsad+n+3UhBaD0ToZ0UYCZ6s7c w/+v1EjO6D1Im48SgpKtDo4S7JnIX+bhD ppAaPrMAVDH7lEsnoIAam+LalVDMCzY+fz OsbWjfVn3LzVqlXsuCzJMLckmuiU/uSJ0 8kgZpEUqQvJBX8ua8Ox/Op/O1Gs052c45 WZPz8wtdjqOj</latexit><latexit sha1_bas e64="cXyiuxdDLAPr2DWX7PYjAb3WF78= ">AAACInicbZDLSgNBEEV74ismPhJduhkM ggsJMxLQZcCNywTMA5Ih1HQqSZPunqG7R whDvsCt/oFf405cCX6MnWQWJvFCweFWFU XdMOZMG8/7dnI7u3v7B/nDQvHo+OS0VD5 r6yhRFFs04pHqhqCRM4ktwwzHbqwQRMixE 04fFv3OMyrNIvlkZjEGAsaSjRgFY63mdF CqeFVvKXcb/AwqJFNjUHaK/WFEE4HSUA5 a93wvNkEKyjDKcV7oJxpjoFMYYw9qMcSob jjIoaYWg3SMkUCjZuuDFiUI1EG6fGnuXl ln6I4iZUsad+n+3UhBaD0ToZ0UYCZ6s7c w/+v1EjO6D1Im48SgpKtDo4S7JnIX+bhD ppAaPrMAVDH7lEsnoIAam+LalVDMCzY+fz OsbWjfVn3LzVqlXsuCzJMLckmuiU/uSJ0 8kgZpEUqQvJBX8ua8Ox/Op/O1Gs052c45 WZPz8wtdjqOj</latexit>
a
<latexit sha 1_base64="vO13yxOYfDvCES 1hdHN43fFp2cQ=">AAACIni cdVDLSgNBEJz1GeMzevQyGAQ PEmZjxHgLePEYwcRAXKR30o mDM7PLzKwQlnyBV/0Dv8abeB L8GCcxghEtaCiqqmm64lQK6 xh7D+bmFxaXlgsrxdW19Y3Nr dJ22yaZ4djiiUxMJwaLUmhs OeEkdlKDoGKJV/Hd2di/ukdj RaIv3TDFSMFAi77g4Lx0ATd bZVY5Zad1VqOscsSO6/WqJ9X qSe04pGGFTVAmUzRvSsHqdS /hmULtuARruyFLXZSDcYJLHB WvM4sp8DsYYBdqKaRoDiXon uWeRvkAE4XODGeDnmpQaKN8 8tKI7nulR/uJ8aMdnag/N3JQ 1g5V7JMK3K397Y3Fv7xu5vr 1KBc6zRxq/nWon0nqEjruh/a EQe7k0BPgRvinKL8FA9z5Fm euxGpU9PV9d0T/J+1qJfT8ol ZusGmRBbJL9sgBCckJaZBz0 iQtwgmSB/JInoLn4CV4Dd6+o nPBdGeHzCD4+ATMI6Pi</la texit><latexit sha 1_base64="vO13yxOYfDvCES 1hdHN43fFp2cQ=">AAACIni cdVDLSgNBEJz1GeMzevQyGAQ PEmZjxHgLePEYwcRAXKR30o mDM7PLzKwQlnyBV/0Dv8abeB L8GCcxghEtaCiqqmm64lQK6 xh7D+bmFxaXlgsrxdW19Y3Nr dJ22yaZ4djiiUxMJwaLUmhs OeEkdlKDoGKJV/Hd2di/ukdj RaIv3TDFSMFAi77g4Lx0ATd bZVY5Zad1VqOscsSO6/WqJ9X qSe04pGGFTVAmUzRvSsHqdS /hmULtuARruyFLXZSDcYJLHB WvM4sp8DsYYBdqKaRoDiXon uWeRvkAE4XODGeDnmpQaKN8 8tKI7nulR/uJ8aMdnag/N3JQ 1g5V7JMK3K397Y3Fv7xu5vr 1KBc6zRxq/nWon0nqEjruh/a EQe7k0BPgRvinKL8FA9z5Fm euxGpU9PV9d0T/J+1qJfT8ol ZusGmRBbJL9sgBCckJaZBz0 iQtwgmSB/JInoLn4CV4Dd6+o nPBdGeHzCD4+ATMI6Pi</la texit><latexit sha 1_base64="vO13yxOYfDvCES 1hdHN43fFp2cQ=">AAACIni cdVDLSgNBEJz1GeMzevQyGAQ PEmZjxHgLePEYwcRAXKR30o mDM7PLzKwQlnyBV/0Dv8abeB L8GCcxghEtaCiqqmm64lQK6 xh7D+bmFxaXlgsrxdW19Y3Nr dJ22yaZ4djiiUxMJwaLUmhs OeEkdlKDoGKJV/Hd2di/ukdj RaIv3TDFSMFAi77g4Lx0ATd bZVY5Zad1VqOscsSO6/WqJ9X qSe04pGGFTVAmUzRvSsHqdS /hmULtuARruyFLXZSDcYJLHB WvM4sp8DsYYBdqKaRoDiXon uWeRvkAE4XODGeDnmpQaKN8 8tKI7nulR/uJ8aMdnag/N3JQ 1g5V7JMK3K397Y3Fv7xu5vr 1KBc6zRxq/nWon0nqEjruh/a EQe7k0BPgRvinKL8FA9z5Fm euxGpU9PV9d0T/J+1qJfT8ol ZusGmRBbJL9sgBCckJaZBz0 iQtwgmSB/JInoLn4CV4Dd6+o nPBdGeHzCD4+ATMI6Pi</la texit><latexit sha 1_base64="vO13yxOYfDvCES 1hdHN43fFp2cQ=">AAACIni cdVDLSgNBEJz1GeMzevQyGAQ PEmZjxHgLePEYwcRAXKR30o mDM7PLzKwQlnyBV/0Dv8abeB L8GCcxghEtaCiqqmm64lQK6 xh7D+bmFxaXlgsrxdW19Y3Nr dJ22yaZ4djiiUxMJwaLUmhs OeEkdlKDoGKJV/Hd2di/ukdj RaIv3TDFSMFAi77g4Lx0ATd bZVY5Zad1VqOscsSO6/WqJ9X qSe04pGGFTVAmUzRvSsHqdS /hmULtuARruyFLXZSDcYJLHB WvM4sp8DsYYBdqKaRoDiXon uWeRvkAE4XODGeDnmpQaKN8 8tKI7nulR/uJ8aMdnag/N3JQ 1g5V7JMK3K397Y3Fv7xu5vr 1KBc6zRxq/nWon0nqEjruh/a EQe7k0BPgRvinKL8FA9z5Fm euxGpU9PV9d0T/J+1qJfT8ol ZusGmRBbJL9sgBCckJaZBz0 iQtwgmSB/JInoLn4CV4Dd6+o nPBdGeHzCD4+ATMI6Pi</la texit>
b
<latexit sha1_base64="V9 B3h1/uaQO37Cl41TyPGGaB06E=">AAACInicdVDLSgNBEJz 1GRPfHr0MBsGDhF2TGL0FvHhMwKiQLKF30kkGZ2aXmVkhLP kCr/oHfo038ST4MU5iBCNa0FBUVdN0RYngxvr+u7ewuLS8s ppbyxfWNza3tnd2r02caoYtFotY30ZgUHCFLcutwNtEI8hI 4E10dzHxb+5RGx6rKztKMJQwULzPGVgnNaPudtEvnZdrJ9U q9UvV2mmlFjhSnoIGJX+KIpmh0d3xCp1ezFKJyjIBxrQDP7 FhBtpyJnCc76QGE2B3MMA2VBJIUB8LUD3DHA2zAcYSrR7NB x1VINGE2fSlMT10So/2Y+1GWTpVf25kII0ZycglJdih+e1N xL+8dmr7Z2HGVZJaVOzrUD8V1MZ00g/tcY3MipEjwDR3T1E 2BA3MuhbnrkRynHf1fXdE/yfXJ6XA8WalWPdnRebIPjkgRy QgNVInl6RBWoQRJA/kkTx5z96L9+q9fUUXvNnOHpmD9/EJ0 XGj5Q==</latexit><latexit sha1_base64="V9 B3h1/uaQO37Cl41TyPGGaB06E=">AAACInicdVDLSgNBEJz 1GRPfHr0MBsGDhF2TGL0FvHhMwKiQLKF30kkGZ2aXmVkhLP kCr/oHfo038ST4MU5iBCNa0FBUVdN0RYngxvr+u7ewuLS8s ppbyxfWNza3tnd2r02caoYtFotY30ZgUHCFLcutwNtEI8hI 4E10dzHxb+5RGx6rKztKMJQwULzPGVgnNaPudtEvnZdrJ9U q9UvV2mmlFjhSnoIGJX+KIpmh0d3xCp1ezFKJyjIBxrQDP7 FhBtpyJnCc76QGE2B3MMA2VBJIUB8LUD3DHA2zAcYSrR7NB x1VINGE2fSlMT10So/2Y+1GWTpVf25kII0ZycglJdih+e1N xL+8dmr7Z2HGVZJaVOzrUD8V1MZ00g/tcY3MipEjwDR3T1E 2BA3MuhbnrkRynHf1fXdE/yfXJ6XA8WalWPdnRebIPjkgRy QgNVInl6RBWoQRJA/kkTx5z96L9+q9fUUXvNnOHpmD9/EJ0 XGj5Q==</latexit><latexit sha1_base64="V9 B3h1/uaQO37Cl41TyPGGaB06E=">AAACInicdVDLSgNBEJz 1GRPfHr0MBsGDhF2TGL0FvHhMwKiQLKF30kkGZ2aXmVkhLP kCr/oHfo038ST4MU5iBCNa0FBUVdN0RYngxvr+u7ewuLS8s ppbyxfWNza3tnd2r02caoYtFotY30ZgUHCFLcutwNtEI8hI 4E10dzHxb+5RGx6rKztKMJQwULzPGVgnNaPudtEvnZdrJ9U q9UvV2mmlFjhSnoIGJX+KIpmh0d3xCp1ezFKJyjIBxrQDP7 FhBtpyJnCc76QGE2B3MMA2VBJIUB8LUD3DHA2zAcYSrR7NB x1VINGE2fSlMT10So/2Y+1GWTpVf25kII0ZycglJdih+e1N xL+8dmr7Z2HGVZJaVOzrUD8V1MZ00g/tcY3MipEjwDR3T1E 2BA3MuhbnrkRynHf1fXdE/yfXJ6XA8WalWPdnRebIPjkgRy QgNVInl6RBWoQRJA/kkTx5z96L9+q9fUUXvNnOHpmD9/EJ0 XGj5Q==</latexit><latexit sha1_base64="V9 B3h1/uaQO37Cl41TyPGGaB06E=">AAACInicdVDLSgNBEJz 1GRPfHr0MBsGDhF2TGL0FvHhMwKiQLKF30kkGZ2aXmVkhLP kCr/oHfo038ST4MU5iBCNa0FBUVdN0RYngxvr+u7ewuLS8s ppbyxfWNza3tnd2r02caoYtFotY30ZgUHCFLcutwNtEI8hI 4E10dzHxb+5RGx6rKztKMJQwULzPGVgnNaPudtEvnZdrJ9U q9UvV2mmlFjhSnoIGJX+KIpmh0d3xCp1ezFKJyjIBxrQDP7 FhBtpyJnCc76QGE2B3MMA2VBJIUB8LUD3DHA2zAcYSrR7NB x1VINGE2fSlMT10So/2Y+1GWTpVf25kII0ZycglJdih+e1N xL+8dmr7Z2HGVZJaVOzrUD8V1MZ00g/tcY3MipEjwDR3T1E 2BA3MuhbnrkRynHf1fXdE/yfXJ6XA8WalWPdnRebIPjkgRy QgNVInl6RBWoQRJA/kkTx5z96L9+q9fUUXvNnOHpmD9/EJ0 XGj5Q==</latexit>
c
<latexit sha1_base64="Rs fok7pfG0EHxUTHyb+qnWKOl2M=">AAACInicdVDLSgNBEJz 1GeMr6tHLYBA8SJjVNSY3wYtHBaNCXKR30omDM7PLzKwQln yBV/0Dv8abeBL8GCcxghEtaCiqqmm6kkwK6xh7D6amZ2bn5 ksL5cWl5ZXVytr6hU1zw7HFU5maqwQsSqGx5YSTeJUZBJVI vEzujof+5T0aK1J97voZxgp6WnQFB+elM35TqbLaXtisswZ ltYN6dMjqnjQb0X4Y0bDGRqiSMU5v1oLF607Kc4XacQnWtk OWubgA4wSXOChf5xYz4HfQwzZEGWRodiXojuWexkUPU4XO9 CeDnmpQaONi9NKAbnulQ7up8aMdHak/NwpQ1vZV4pMK3K39 7Q3Fv7x27rqNuBA6yx1q/nWom0vqUjrsh3aEQe5k3xPgRvi nKL8FA9z5FieuJGpQ9vV9d0T/Jxd7tdDzs6h6xMZFlsgm2S I7JCSH5IickFPSIpwgeSCP5Cl4Dl6C1+DtKzoVjHc2yASCj 0/ZTaPq</latexit><latexit sha1_base64="Rs fok7pfG0EHxUTHyb+qnWKOl2M=">AAACInicdVDLSgNBEJz 1GeMr6tHLYBA8SJjVNSY3wYtHBaNCXKR30omDM7PLzKwQln yBV/0Dv8abeBL8GCcxghEtaCiqqmm6kkwK6xh7D6amZ2bn5 ksL5cWl5ZXVytr6hU1zw7HFU5maqwQsSqGx5YSTeJUZBJVI vEzujof+5T0aK1J97voZxgp6WnQFB+elM35TqbLaXtisswZ ltYN6dMjqnjQb0X4Y0bDGRqiSMU5v1oLF607Kc4XacQnWtk OWubgA4wSXOChf5xYz4HfQwzZEGWRodiXojuWexkUPU4XO9 CeDnmpQaONi9NKAbnulQ7up8aMdHak/NwpQ1vZV4pMK3K39 7Q3Fv7x27rqNuBA6yx1q/nWom0vqUjrsh3aEQe5k3xPgRvi nKL8FA9z5FieuJGpQ9vV9d0T/Jxd7tdDzs6h6xMZFlsgm2S I7JCSH5IickFPSIpwgeSCP5Cl4Dl6C1+DtKzoVjHc2yASCj 0/ZTaPq</latexit><latexit sha1_base64="Rs fok7pfG0EHxUTHyb+qnWKOl2M=">AAACInicdVDLSgNBEJz 1GeMr6tHLYBA8SJjVNSY3wYtHBaNCXKR30omDM7PLzKwQln yBV/0Dv8abeBL8GCcxghEtaCiqqmm6kkwK6xh7D6amZ2bn5 ksL5cWl5ZXVytr6hU1zw7HFU5maqwQsSqGx5YSTeJUZBJVI vEzujof+5T0aK1J97voZxgp6WnQFB+elM35TqbLaXtisswZ ltYN6dMjqnjQb0X4Y0bDGRqiSMU5v1oLF607Kc4XacQnWtk OWubgA4wSXOChf5xYz4HfQwzZEGWRodiXojuWexkUPU4XO9 CeDnmpQaONi9NKAbnulQ7up8aMdHak/NwpQ1vZV4pMK3K39 7Q3Fv7x27rqNuBA6yx1q/nWom0vqUjrsh3aEQe5k3xPgRvi nKL8FA9z5FieuJGpQ9vV9d0T/Jxd7tdDzs6h6xMZFlsgm2S I7JCSH5IickFPSIpwgeSCP5Cl4Dl6C1+DtKzoVjHc2yASCj 0/ZTaPq</latexit><latexit sha1_base64="Rs fok7pfG0EHxUTHyb+qnWKOl2M=">AAACInicdVDLSgNBEJz 1GeMr6tHLYBA8SJjVNSY3wYtHBaNCXKR30omDM7PLzKwQln yBV/0Dv8abeBL8GCcxghEtaCiqqmm6kkwK6xh7D6amZ2bn5 ksL5cWl5ZXVytr6hU1zw7HFU5maqwQsSqGx5YSTeJUZBJVI vEzujof+5T0aK1J97voZxgp6WnQFB+elM35TqbLaXtisswZ ltYN6dMjqnjQb0X4Y0bDGRqiSMU5v1oLF607Kc4XacQnWtk OWubgA4wSXOChf5xYz4HfQwzZEGWRodiXojuWexkUPU4XO9 CeDnmpQaONi9NKAbnulQ7up8aMdHak/NwpQ1vZV4pMK3K39 7Q3Fv7x27rqNuBA6yx1q/nWom0vqUjrsh3aEQe5k3xPgRvi nKL8FA9z5FieuJGpQ9vV9d0T/Jxd7tdDzs6h6xMZFlsgm2S I7JCSH5IickFPSIpwgeSCP5Cl4Dl6C1+DtKzoVjHc2yASCj 0/ZTaPq</latexit>
d
<latexit sha1_base64="BZ XHutozrwRCps78qI3uf/wsaSg=">AAACInicdVDLSgNBEJy N78RX9OhlMAgeJOyGGOMt4MWjAWOEuEjvbCcOzswuM7NCWP IFXvUP/Bpv4knwY5w8BCNa0FBUVdN0Rangxvr+h1dYWFxaX lldK5bWNza3tss7VybJNMMOS0SiryMwKLjCjuVW4HWqEWQk sBvdn4397gNqwxN1aYcphhIGivc5A+ukdny7XfGrjeC04Te pX60Hx41mw5GT49ppPaBB1Z+gQma4uC17pZs4YZlEZZkAY3 qBn9owB205Ezgq3mQGU2D3MMAe1FNIUR8JULFhjob5ABOJV g/ng44qkGjCfPLSiB44Jab9RLtRlk7Unxs5SGOGMnJJCfbO /PbG4l9eL7P9ZphzlWYWFZse6meC2oSO+6Ex18isGDoCTHP 3FGV3oIFZ1+LclUiOiq6+747o/+SqVg0cb9crLX9W5CrZI/ vkkATkhLTIObkgHcIIkkfyRJ69F+/Ve/Pep9GCN9vZJXPwP r8A44Gj8A==</latexit><latexit sha1_base64="BZ XHutozrwRCps78qI3uf/wsaSg=">AAACInicdVDLSgNBEJy N78RX9OhlMAgeJOyGGOMt4MWjAWOEuEjvbCcOzswuM7NCWP IFXvUP/Bpv4knwY5w8BCNa0FBUVdN0Rangxvr+h1dYWFxaX lldK5bWNza3tss7VybJNMMOS0SiryMwKLjCjuVW4HWqEWQk sBvdn4397gNqwxN1aYcphhIGivc5A+ukdny7XfGrjeC04Te pX60Hx41mw5GT49ppPaBB1Z+gQma4uC17pZs4YZlEZZkAY3 qBn9owB205Ezgq3mQGU2D3MMAe1FNIUR8JULFhjob5ABOJV g/ng44qkGjCfPLSiB44Jab9RLtRlk7Unxs5SGOGMnJJCfbO /PbG4l9eL7P9ZphzlWYWFZse6meC2oSO+6Ex18isGDoCTHP 3FGV3oIFZ1+LclUiOiq6+747o/+SqVg0cb9crLX9W5CrZI/ vkkATkhLTIObkgHcIIkkfyRJ69F+/Ve/Pep9GCN9vZJXPwP r8A44Gj8A==</latexit><latexit sha1_base64="BZ XHutozrwRCps78qI3uf/wsaSg=">AAACInicdVDLSgNBEJy N78RX9OhlMAgeJOyGGOMt4MWjAWOEuEjvbCcOzswuM7NCWP IFXvUP/Bpv4knwY5w8BCNa0FBUVdN0Rangxvr+h1dYWFxaX lldK5bWNza3tss7VybJNMMOS0SiryMwKLjCjuVW4HWqEWQk sBvdn4397gNqwxN1aYcphhIGivc5A+ukdny7XfGrjeC04Te pX60Hx41mw5GT49ppPaBB1Z+gQma4uC17pZs4YZlEZZkAY3 qBn9owB205Ezgq3mQGU2D3MMAe1FNIUR8JULFhjob5ABOJV g/ng44qkGjCfPLSiB44Jab9RLtRlk7Unxs5SGOGMnJJCfbO /PbG4l9eL7P9ZphzlWYWFZse6meC2oSO+6Ex18isGDoCTHP 3FGV3oIFZ1+LclUiOiq6+747o/+SqVg0cb9crLX9W5CrZI/ vkkATkhLTIObkgHcIIkkfyRJ69F+/Ve/Pep9GCN9vZJXPwP r8A44Gj8A==</latexit><latexit sha1_base64="BZ XHutozrwRCps78qI3uf/wsaSg=">AAACInicdVDLSgNBEJy N78RX9OhlMAgeJOyGGOMt4MWjAWOEuEjvbCcOzswuM7NCWP IFXvUP/Bpv4knwY5w8BCNa0FBUVdN0Rangxvr+h1dYWFxaX lldK5bWNza3tss7VybJNMMOS0SiryMwKLjCjuVW4HWqEWQk sBvdn4397gNqwxN1aYcphhIGivc5A+ukdny7XfGrjeC04Te pX60Hx41mw5GT49ppPaBB1Z+gQma4uC17pZs4YZlEZZkAY3 qBn9owB205Ezgq3mQGU2D3MMAe1FNIUR8JULFhjob5ABOJV g/ng44qkGjCfPLSiB44Jab9RLtRlk7Unxs5SGOGMnJJCfbO /PbG4l9eL7P9ZphzlWYWFZse6meC2oSO+6Ex18isGDoCTHP 3FGV3oIFZ1+LclUiOiq6+747o/+SqVg0cb9crLX9W5CrZI/ vkkATkhLTIObkgHcIIkkfyRJ69F+/Ve/Pep9GCN9vZJXPwP r8A44Gj8A==</latexit>
(c)
Sx
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FIG. 1. Noncoplanar magnetic structure and topologi-
cal Hall effect. (a) A schematic figure of the effective mag-
netic field induced by a noncoplanar magnetic structure. (b)
Schematic figure for the T dependence of anomalous Hall con-
ductivity σTHE. Curve B’ (B) indicates the case where σTHE
is proportional to the (spontaneous) scalar spin chirality while
C indicates the case with extrinsic topological Hall effect in
chiral magnets [18]. In contrast, σTHE in this study shows
a different feature (Curve A). (c) Triangular lattice model.
The orange triangle (green plaquette) depicts the three-(four-
) spins consisting χp (hp). Red, orange, blue, and purple sites
indicate a-, b-, c-, and d-sublattice structure of the 3Q order,
respectively. (d) Spin orientation at each sublattice. All the
spins in ν-sublattice align to Sν at T = 0.
nian reads
Hspin = K
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∑
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where Si (|Si| = 1) represents localized spin at site i, the
sums
∑
p,
∑
i, and
∑
t run over all the four-site plaque-
ttes, all the sites, and all the three-site plaquettes, respec-
tively, and K, D4, Ba, and Bχ represent a short range
multispin interaction, a single-ion anisotropy, a sublat-
tice specific magnetic field, and a fictitious field coupled
to the spin chirality, respectively. For each triangular pla-
quette t and rhombic plaquette p, multispin interactions
are defined as
hp={i,j,k,l} ≡ (Si · Sj)(Sk · Sl)− (Si · Sl)(Sj · Sk)
− (Si · Sk)(Sj · Sl)
+ (Si · Sj + Si · Sk + Si · Sl + Sj · Sk + Sj · Sl + Sk · Sl),
χt={i,j,k} ≡ Si · (Sj × Sk),
where {i, j, k} of a triangular plaquette t is defined in
order of counter-clockwise, and {i, j, k, l} of a rhombic
plaquette p is defined so that the pairs of (i, k) and (j, l)
are the diagonal pairs of the corners of a rhombic pla-
quette [see Fig. 1(c)]. A model with first K term was
originally introduced in the study on two-dimensional
solid 3He [35]. More recently, the biquadratic terms in hp
was discussed in the effective spin models for the Kondo
lattice model [36, 37]. The model with only K terms
(D4 = Ba = Bχ = 0) exhibits a finite T phase transition
with the spontaneous Z2 symmetry breaking from para-
magnets to a chiral phase where spins are disordered but
χs are ordered [34].
With D4, Ba, and Bχ, the low T phase becomes a mag-
netic order because these terms reduce the symmetry:
the D4 term represents the single spin cubic anisotropy
because of which spins favor one of [±1,±1,±1] direc-
tions (D4 > 0); the Ba term represents the Zeeman
coupling between the a-sublattice spins and an external
magnetic field Ba ‖ [111] (Ba > 0), and the Bχ term rep-
resents a coupling between a fictitious field Bχ > 0 and
χt because of which χ > 0 in entire T range. With these
three terms, the low-T chiral phase is replaced by a four-
sublattice long-range magnetic ordered phase [Figs. 1(c)
and 1(d)]. In this state, the four spins on each sublattice
in Fig. 1(c) points along different directions [Fig. 1(d)],
forming a non-coplanar magnetic texture.
III. RESULTS
Monte Carlo simulation — The finite T properties of this
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(a)     
(d)     (c)     
   <latexit sha1_base64="Xl7zPxMuD/vXajIndiuPLr2J4Uw=">AAACLHicbZDLSgNBEEV7fBtfUZduGoPgQmRGAroU3LhUMCokg9T0VJLGfgzdNUIY8hlu9Q/8Gjcibv0OOzELo14oONyqoqibFUp6iuO3aGZ2bn5hcWm5trK6tr5R39y69rZ0AlvCKutuM/CopMEWSVJ4WzgEnSm8ye7PRv2bB3ReWnNFgwJTDT0ju1IABavdyVER8I7oy7t6Iz6Mx+J/IZlAg010cbcZrXRyK0qNhoQC79tJXFBagSMpFA5rndJjAeIeetiGZgEFugMFJvciYFr10GokN5geDGhAo0+r8XNDvhecnHetC2WIj92fGxVo7wc6C5MaqO9/90bmf712Sd2TtJKmKAmN+D7ULRUny0dJ8Vw6FKQGAUA4GZ7iog8OBIU8p65kelgL8SW/w/oL10eHSeDLZuO0OQlyie2wXbbPEnbMTtk5u2AtJphlj+yJPUcv0Wv0Hn18j85Ek51tNqXo8wtKDaey</latexit><latexit sha1_base64="Xl7zPxMuD/vXajIndiuPLr2J4Uw=">AAACLHicbZDLSgNBEEV7fBtfUZduGoPgQmRGAroU3LhUMCokg9T0VJLGfgzdNUIY8hlu9Q/8Gjcibv0OOzELo14oONyqoqibFUp6iuO3aGZ2bn5hcWm5trK6tr5R39y69rZ0AlvCKutuM/CopMEWSVJ4WzgEnSm8ye7PRv2bB3ReWnNFgwJTDT0ju1IABavdyVER8I7oy7t6Iz6Mx+J/IZlAg010cbcZrXRyK0qNhoQC79tJXFBagSMpFA5rndJjAeIeetiGZgEFugMFJvciYFr10GokN5geDGhAo0+r8XNDvhecnHetC2WIj92fGxVo7wc6C5MaqO9/90bmf712Sd2TtJKmKAmN+D7ULRUny0dJ8Vw6FKQGAUA4GZ7iog8OBIU8p65kelgL8SW/w/oL10eHSeDLZuO0OQlyie2wXbbPEnbMTtk5u2AtJphlj+yJPUcv0Wv0Hn18j85Ek51tNqXo8wtKDaey</latexit><latexit sha1_base64="Xl7zPxMuD/vXajIndiuPLr2J4Uw=">AAACLHicbZDLSgNBEEV7fBtfUZduGoPgQmRGAroU3LhUMCokg9T0VJLGfgzdNUIY8hlu9Q/8Gjcibv0OOzELo14oONyqoqibFUp6iuO3aGZ2bn5hcWm5trK6tr5R39y69rZ0AlvCKutuM/CopMEWSVJ4WzgEnSm8ye7PRv2bB3ReWnNFgwJTDT0ju1IABavdyVER8I7oy7t6Iz6Mx+J/IZlAg010cbcZrXRyK0qNhoQC79tJXFBagSMpFA5rndJjAeIeetiGZgEFugMFJvciYFr10GokN5geDGhAo0+r8XNDvhecnHetC2WIj92fGxVo7wc6C5MaqO9/90bmf712Sd2TtJKmKAmN+D7ULRUny0dJ8Vw6FKQGAUA4GZ7iog8OBIU8p65kelgL8SW/w/oL10eHSeDLZuO0OQlyie2wXbbPEnbMTtk5u2AtJphlj+yJPUcv0Wv0Hn18j85Ek51tNqXo8wtKDaey</latexit><latexit sha1_base64="Xl7zPxMuD/vXajIndiuPLr2J4Uw=">AAACLHicbZDLSgNBEEV7fBtfUZduGoPgQmRGAroU3LhUMCokg9T0VJLGfgzdNUIY8hlu9Q/8Gjcibv0OOzELo14oONyqoqibFUp6iuO3aGZ2bn5hcWm5trK6tr5R39y69rZ0AlvCKutuM/CopMEWSVJ4WzgEnSm8ye7PRv2bB3ReWnNFgwJTDT0ju1IABavdyVER8I7oy7t6Iz6Mx+J/IZlAg010cbcZrXRyK0qNhoQC79tJXFBagSMpFA5rndJjAeIeetiGZgEFugMFJvciYFr10GokN5geDGhAo0+r8XNDvhecnHetC2WIj92fGxVo7wc6C5MaqO9/90bmf712Sd2TtJKmKAmN+D7ULRUny0dJ8Vw6FKQGAUA4GZ7iog8OBIU8p65kelgL8SW/w/oL10eHSeDLZuO0OQlyie2wXbbPEnbMTtk5u2AtJphlj+yJPUcv0Wv0Hn18j85Ek51tNqXo8wtKDaey</latexit>
 3Q
<latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEE V74ismPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vg gi5NgKx4/zfusVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCd ZAuXpu6V9bpu4NI2ZLGXbh/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7U iVPpEYahBJB3sg7+XA+nS9n5nwvRzPOauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEE V74ismPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vg gi5NgKx4/zfusVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCd ZAuXpu6V9bpu4NI2ZLGXbh/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7U iVPpEYahBJB3sg7+XA+nS9n5nwvRzPOauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEE V74ismPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vg gi5NgKx4/zfusVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCd ZAuXpu6V9bpu4NI2ZLGXbh/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7U iVPpEYahBJB3sg7+XA+nS9n5nwvRzPOauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEE V74ismPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vg gi5NgKx4/zfusVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCd ZAuXpu6V9bpu4NI2ZLGXbh/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7U iVPpEYahBJB3sg7+XA+nS9n5nwvRzPOauecrMn5+QXNkqbv</latexit>
Sx
<latexit sha1_base64="69dVWlfcYo4jJr6z2jRlH2xmlbI=">AAACJHicbZDLSgNBEE V74ivGV6JLN4NBcCEyEwK6DLhxGYl5QDKGmk4ladLdM3T3iGHIJ7jVP/Br3IkLN36LncfCJF4oONyqoqgbxpxp43nfTmZjc2t7J7ub29s/ODzKF44bOkoUxTqNeKRaIWjkTGLdMMOxFS sEEXJshqPbab/5hEqzSD6YcYyBgIFkfUbBWKtWe3zu5ovelTeTuw7+AopkoWq34Ox1ehFNBEpDOWjd9r3YBCkowyjHSa6TaIyBjmCAbSjHEKO65CB7mloM0gFGAo0aLw9alCBQB+nsq Yl7bp2e24+ULWncmft3IwWh9ViEdlKAGerV3tT8r9dOTP8mSJmME4OSzg/1E+6ayJ0m5PaYQmr42AJQxexTLh2CAmpsjktXQjHJ2fj81bDWoVG68i3fl4uV0iLILDklZ+SC+OSaVMgdq ZI6oWRAXsgreXPenQ/n0/maj2acxc4JWZLz8wvzSaRz</latexit><latexit sha1_base64="69dVWlfcYo4jJr6z2jRlH2xmlbI=">AAACJHicbZDLSgNBEE V74ivGV6JLN4NBcCEyEwK6DLhxGYl5QDKGmk4ladLdM3T3iGHIJ7jVP/Br3IkLN36LncfCJF4oONyqoqgbxpxp43nfTmZjc2t7J7ub29s/ODzKF44bOkoUxTqNeKRaIWjkTGLdMMOxFS sEEXJshqPbab/5hEqzSD6YcYyBgIFkfUbBWKtWe3zu5ovelTeTuw7+AopkoWq34Ox1ehFNBEpDOWjd9r3YBCkowyjHSa6TaIyBjmCAbSjHEKO65CB7mloM0gFGAo0aLw9alCBQB+nsq Yl7bp2e24+ULWncmft3IwWh9ViEdlKAGerV3tT8r9dOTP8mSJmME4OSzg/1E+6ayJ0m5PaYQmr42AJQxexTLh2CAmpsjktXQjHJ2fj81bDWoVG68i3fl4uV0iLILDklZ+SC+OSaVMgdq ZI6oWRAXsgreXPenQ/n0/maj2acxc4JWZLz8wvzSaRz</latexit><latexit sha1_base64="69dVWlfcYo4jJr6z2jRlH2xmlbI=">AAACJHicbZDLSgNBEE V74ivGV6JLN4NBcCEyEwK6DLhxGYl5QDKGmk4ladLdM3T3iGHIJ7jVP/Br3IkLN36LncfCJF4oONyqoqgbxpxp43nfTmZjc2t7J7ub29s/ODzKF44bOkoUxTqNeKRaIWjkTGLdMMOxFS sEEXJshqPbab/5hEqzSD6YcYyBgIFkfUbBWKtWe3zu5ovelTeTuw7+AopkoWq34Ox1ehFNBEpDOWjd9r3YBCkowyjHSa6TaIyBjmCAbSjHEKO65CB7mloM0gFGAo0aLw9alCBQB+nsq Yl7bp2e24+ULWncmft3IwWh9ViEdlKAGerV3tT8r9dOTP8mSJmME4OSzg/1E+6ayJ0m5PaYQmr42AJQxexTLh2CAmpsjktXQjHJ2fj81bDWoVG68i3fl4uV0iLILDklZ+SC+OSaVMgdq ZI6oWRAXsgreXPenQ/n0/maj2acxc4JWZLz8wvzSaRz</latexit><latexit sha1_base64="69dVWlfcYo4jJr6z2jRlH2xmlbI=">AAACJHicbZDLSgNBEE V74ivGV6JLN4NBcCEyEwK6DLhxGYl5QDKGmk4ladLdM3T3iGHIJ7jVP/Br3IkLN36LncfCJF4oONyqoqgbxpxp43nfTmZjc2t7J7ub29s/ODzKF44bOkoUxTqNeKRaIWjkTGLdMMOxFS sEEXJshqPbab/5hEqzSD6YcYyBgIFkfUbBWKtWe3zu5ovelTeTuw7+AopkoWq34Ox1ehFNBEpDOWjd9r3YBCkowyjHSa6TaIyBjmCAbSjHEKO65CB7mloM0gFGAo0aLw9alCBQB+nsq Yl7bp2e24+ULWncmft3IwWh9ViEdlKAGerV3tT8r9dOTP8mSJmME4OSzg/1E+6ayJ0m5PaYQmr42AJQxexTLh2CAmpsjktXQjHJ2fj81bDWoVG68i3fl4uV0iLILDklZ+SC+OSaVMgdq ZI6oWRAXsgreXPenQ/n0/maj2acxc4JWZLz8wvzSaRz</latexit>
Sz
<latexit sha1_base64="A4Vq1WTaElzjiiXFvyB6ODiEsnI=">AAACJHicbZDLSgNBEE V74ju+delmMAguRGZCQJeCG5eK5gHJGGp6KrGxu6fp7hHGIZ/gVv/Ar3EnLtz4LXYeC5N4oeBwq4qibqw4MzYIvr3SwuLS8srqWnl9Y3Nre2d3r2HSTFOs05SnuhWDQc4k1i2zHFtKI4 iYYzN+vBz2m0+oDUvlnc0VRgL6kvUYBeus29v75+5OJTgNRvLnIZxAhUx03d311jtJSjOB0lIOxrTDQNmoAG0Z5TgodzKDCugj9LENNQUK9QkHmRjqMCr6mAq0Op8edChBoImK0VMD/ 8g5id9LtStp/ZH7d6MAYUwuYjcpwD6Y2d7Q/K/XzmzvPCqYVJlFSceHehn3beoPE/ITppFanjsAqpl7yqcPoIFal+PUlVgMyi6+cDaseWhUT0PHN7XKRXUS5Co5IIfkmITkjFyQK3JN6 oSSPnkhr+TNe/c+vE/vazxa8iY7+2RK3s8v9sWkdQ==</latexit><latexit sha1_base64="A4Vq1WTaElzjiiXFvyB6ODiEsnI=">AAACJHicbZDLSgNBEE V74ju+delmMAguRGZCQJeCG5eK5gHJGGp6KrGxu6fp7hHGIZ/gVv/Ar3EnLtz4LXYeC5N4oeBwq4qibqw4MzYIvr3SwuLS8srqWnl9Y3Nre2d3r2HSTFOs05SnuhWDQc4k1i2zHFtKI4 iYYzN+vBz2m0+oDUvlnc0VRgL6kvUYBeus29v75+5OJTgNRvLnIZxAhUx03d311jtJSjOB0lIOxrTDQNmoAG0Z5TgodzKDCugj9LENNQUK9QkHmRjqMCr6mAq0Op8edChBoImK0VMD/ 8g5id9LtStp/ZH7d6MAYUwuYjcpwD6Y2d7Q/K/XzmzvPCqYVJlFSceHehn3beoPE/ITppFanjsAqpl7yqcPoIFal+PUlVgMyi6+cDaseWhUT0PHN7XKRXUS5Co5IIfkmITkjFyQK3JN6 oSSPnkhr+TNe/c+vE/vazxa8iY7+2RK3s8v9sWkdQ==</latexit><latexit sha1_base64="A4Vq1WTaElzjiiXFvyB6ODiEsnI=">AAACJHicbZDLSgNBEE V74ju+delmMAguRGZCQJeCG5eK5gHJGGp6KrGxu6fp7hHGIZ/gVv/Ar3EnLtz4LXYeC5N4oeBwq4qibqw4MzYIvr3SwuLS8srqWnl9Y3Nre2d3r2HSTFOs05SnuhWDQc4k1i2zHFtKI4 iYYzN+vBz2m0+oDUvlnc0VRgL6kvUYBeus29v75+5OJTgNRvLnIZxAhUx03d311jtJSjOB0lIOxrTDQNmoAG0Z5TgodzKDCugj9LENNQUK9QkHmRjqMCr6mAq0Op8edChBoImK0VMD/ 8g5id9LtStp/ZH7d6MAYUwuYjcpwD6Y2d7Q/K/XzmzvPCqYVJlFSceHehn3beoPE/ITppFanjsAqpl7yqcPoIFal+PUlVgMyi6+cDaseWhUT0PHN7XKRXUS5Co5IIfkmITkjFyQK3JN6 oSSPnkhr+TNe/c+vE/vazxa8iY7+2RK3s8v9sWkdQ==</latexit><latexit sha1_base64="A4Vq1WTaElzjiiXFvyB6ODiEsnI=">AAACJHicbZDLSgNBEE V74ju+delmMAguRGZCQJeCG5eK5gHJGGp6KrGxu6fp7hHGIZ/gVv/Ar3EnLtz4LXYeC5N4oeBwq4qibqw4MzYIvr3SwuLS8srqWnl9Y3Nre2d3r2HSTFOs05SnuhWDQc4k1i2zHFtKI4 iYYzN+vBz2m0+oDUvlnc0VRgL6kvUYBeus29v75+5OJTgNRvLnIZxAhUx03d311jtJSjOB0lIOxrTDQNmoAG0Z5TgodzKDCugj9LENNQUK9QkHmRjqMCr6mAq0Op8edChBoImK0VMD/ 8g5id9LtStp/ZH7d6MAYUwuYjcpwD6Y2d7Q/K/XzmzvPCqYVJlFSceHehn3beoPE/ITppFanjsAqpl7yqcPoIFal+PUlVgMyi6+cDaseWhUT0PHN7XKRXUS5Co5IIfkmITkjFyQK3JN6 oSSPnkhr+TNe/c+vE/vazxa8iY7+2RK3s8v9sWkdQ==</latexit>
 3Q
<latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEEV74i smPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vggi5NgKx4/zfu sVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCdZAuXpu6V9bpu4NI2ZLGXb h/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7UiVPpEYahBJB3sg7+XA+nS9n5nwvRz POauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEEV74i smPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vggi5NgKx4/zfu sVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCdZAuXpu6V9bpu4NI2ZLGXb h/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7UiVPpEYahBJB3sg7+XA+nS9n5nwvRz POauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEEV74i smPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vggi5NgKx4/zfu sVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCdZAuXpu6V9bpu4NI2ZLGXb h/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7UiVPpEYahBJB3sg7+XA+nS9n5nwvRz POauecrMn5+QXNkqbv</latexit><latexit sha1_base64="V7mYlVqmjUlHZ9Z2ZE0KKBLHhfI=">AAACKnicbZDLSgNBEEV74i smPhJduhkMggsJMxrQZcCNywTMQ5Ih1HQqSZPunqG7RwhDvsKt/oFf4y649UPsPBYm8ULB4VYVRd0w5kwbz5s5mZ3dvf2D7GEuf3R8cloonjV1lCiKDRrxSLVD0MiZxIZhhmM7Vggi5NgKx4/zfu sVlWaRfDaTGAMBQ8kGjIKx1kuXjlgvvatPe4WSV/YWcrfBX0GJrFTrFZ18tx/RRKA0lIPWHd+LTZCCMoxynOa6icYY6BiG2IFKDDGqGw6yr6nFIB1iJNCoyfqgRQkCdZAuXpu6V9bpu4NI2ZLGXb h/N1IQWk9EaCcFmJHe7M3N/3qdxAwegpTJODEo6fLQIOGuidx5Tm6fKaSGTywAVcw+5dIRKKDGprl2JRTTnI3P3wxrG5q3Zd9yvVKqeqsgs+SCXJJr4pN7UiVPpEYahBJB3sg7+XA+nS9n5nwvRz POauecrMn5+QXNkqbv</latexit>
S3Q
N
<latexit sha1_base64="BquHV7Sf31IesPPlmS5XQZ1wrBs=">AAACNHicbZDPSsNAEM Y39V+t/1o9egkWwYOURAt6LHjxJBWtCm0ok+2kXbq7CbsbpYQ8ild9A99F8CZefQa3sQerfjDw45sZhvnChDNtPO/VKS0sLi2vlFcra+sbm1vV2vaNjlNFsUNjHqu7EDRyJrFjmOF4ly gEEXK8Dcdn0/7tPSrNYnltJgkGAoaSRYyCsVa/WutFCmh21c+OL/M8u8gr/Wrda3iF3L/gz6BOZmr3a85abxDTVKA0lIPWXd9LTJCBMoxyzCu9VGMCdAxD7EIzgQTVIQc50NRikA0xF mjUZH7QogSBOsiKJ3N33zoDN4qVLWncwv25kYHQeiJCOynAjPTv3tT8r9dNTXQaZEwmqUFJvw9FKXdN7E4TcwdMITV8YgGoYvYpl47ApmZsrnNXQlHE5/8O6y/cHDV8y5fNesubBVkmu 2SPHBCfnJAWOSdt0iGUPJBH8kSenRfnzXl3Pr5HS85sZ4fMyfn8At2XqnM=</latexit><latexit sha1_base64="BquHV7Sf31IesPPlmS5XQZ1wrBs=">AAACNHicbZDPSsNAEM Y39V+t/1o9egkWwYOURAt6LHjxJBWtCm0ok+2kXbq7CbsbpYQ8ild9A99F8CZefQa3sQerfjDw45sZhvnChDNtPO/VKS0sLi2vlFcra+sbm1vV2vaNjlNFsUNjHqu7EDRyJrFjmOF4ly gEEXK8Dcdn0/7tPSrNYnltJgkGAoaSRYyCsVa/WutFCmh21c+OL/M8u8gr/Wrda3iF3L/gz6BOZmr3a85abxDTVKA0lIPWXd9LTJCBMoxyzCu9VGMCdAxD7EIzgQTVIQc50NRikA0xF mjUZH7QogSBOsiKJ3N33zoDN4qVLWncwv25kYHQeiJCOynAjPTv3tT8r9dNTXQaZEwmqUFJvw9FKXdN7E4TcwdMITV8YgGoYvYpl47ApmZsrnNXQlHE5/8O6y/cHDV8y5fNesubBVkmu 2SPHBCfnJAWOSdt0iGUPJBH8kSenRfnzXl3Pr5HS85sZ4fMyfn8At2XqnM=</latexit><latexit sha1_base64="BquHV7Sf31IesPPlmS5XQZ1wrBs=">AAACNHicbZDPSsNAEM Y39V+t/1o9egkWwYOURAt6LHjxJBWtCm0ok+2kXbq7CbsbpYQ8ild9A99F8CZefQa3sQerfjDw45sZhvnChDNtPO/VKS0sLi2vlFcra+sbm1vV2vaNjlNFsUNjHqu7EDRyJrFjmOF4ly gEEXK8Dcdn0/7tPSrNYnltJgkGAoaSRYyCsVa/WutFCmh21c+OL/M8u8gr/Wrda3iF3L/gz6BOZmr3a85abxDTVKA0lIPWXd9LTJCBMoxyzCu9VGMCdAxD7EIzgQTVIQc50NRikA0xF mjUZH7QogSBOsiKJ3N33zoDN4qVLWncwv25kYHQeiJCOynAjPTv3tT8r9dNTXQaZEwmqUFJvw9FKXdN7E4TcwdMITV8YgGoYvYpl47ApmZsrnNXQlHE5/8O6y/cHDV8y5fNesubBVkmu 2SPHBCfnJAWOSdt0iGUPJBH8kSenRfnzXl3Pr5HS85sZ4fMyfn8At2XqnM=</latexit><latexit sha1_base64="BquHV7Sf31IesPPlmS5XQZ1wrBs=">AAACNHicbZDPSsNAEM Y39V+t/1o9egkWwYOURAt6LHjxJBWtCm0ok+2kXbq7CbsbpYQ8ild9A99F8CZefQa3sQerfjDw45sZhvnChDNtPO/VKS0sLi2vlFcra+sbm1vV2vaNjlNFsUNjHqu7EDRyJrFjmOF4ly gEEXK8Dcdn0/7tPSrNYnltJgkGAoaSRYyCsVa/WutFCmh21c+OL/M8u8gr/Wrda3iF3L/gz6BOZmr3a85abxDTVKA0lIPWXd9LTJCBMoxyzCu9VGMCdAxD7EIzgQTVIQc50NRikA0xF mjUZH7QogSBOsiKJ3N33zoDN4qVLWncwv25kYHQeiJCOynAjPTv3tT8r9dNTXQaZEwmqUFJvw9FKXdN7E4TcwdMITV8YgGoYvYpl47ApmZsrnNXQlHE5/8O6y/cHDV8y5fNesubBVkmu 2SPHBCfnJAWOSdt0iGUPJBH8kSenRfnzXl3Pr5HS85sZ4fMyfn8At2XqnM=</latexit>
S(⇡,⇡)
N
<latexit sha1_base64="DOcIzS+od5mXpy0BCwh1N4ymBSU=">AAACOHicbZDPSgMxEM az/q31X1U8eQkWQUFkVwp6FLx4kopWhXYps+lsDSbZkGSFsuzDeNU38E28eROvPoFp7cGqAwM/vm+GYb5EC25dGL4GU9Mzs3PzlYXq4tLyymptbf3aZrlh2GKZyMxtAhYFV9hy3Am81Q ZBJgJvkvvToX/zgMbyTF25gcZYQl/xlDNwXurWNjupAVZc0t2O5vu+98rivOzW6uFBOCr6F6Ix1Mm4mt21YLHTy1guUTkmwNp2FGoXF2AcZwLLaie3qIHdQx/b0NCg0ewLUD3LPMZFH zOJzgwmBz0qkGjjYvRoSXe80qNpZnwrR0fqz40CpLUDmfhJCe7O/vaG4n9eO3fpcVxwpXOHin0fSnNBXUaHqdEeN8icGHgAZrh/irI78Mk5n+3ElUSWVR9f9Dusv3B9eBB5vmjUT8Jxk BWyRbbJLonIETkhZ6RJWoSRgjySJ/IcvARvwXvw8T06FYx3NshEBZ9fgaSrvQ==</latexit><latexit sha1_base64="DOcIzS+od5mXpy0BCwh1N4ymBSU=">AAACOHicbZDPSgMxEM az/q31X1U8eQkWQUFkVwp6FLx4kopWhXYps+lsDSbZkGSFsuzDeNU38E28eROvPoFp7cGqAwM/vm+GYb5EC25dGL4GU9Mzs3PzlYXq4tLyymptbf3aZrlh2GKZyMxtAhYFV9hy3Am81Q ZBJgJvkvvToX/zgMbyTF25gcZYQl/xlDNwXurWNjupAVZc0t2O5vu+98rivOzW6uFBOCr6F6Ix1Mm4mt21YLHTy1guUTkmwNp2FGoXF2AcZwLLaie3qIHdQx/b0NCg0ewLUD3LPMZFH zOJzgwmBz0qkGjjYvRoSXe80qNpZnwrR0fqz40CpLUDmfhJCe7O/vaG4n9eO3fpcVxwpXOHin0fSnNBXUaHqdEeN8icGHgAZrh/irI78Mk5n+3ElUSWVR9f9Dusv3B9eBB5vmjUT8Jxk BWyRbbJLonIETkhZ6RJWoSRgjySJ/IcvARvwXvw8T06FYx3NshEBZ9fgaSrvQ==</latexit><latexit sha1_base64="DOcIzS+od5mXpy0BCwh1N4ymBSU=">AAACOHicbZDPSgMxEM az/q31X1U8eQkWQUFkVwp6FLx4kopWhXYps+lsDSbZkGSFsuzDeNU38E28eROvPoFp7cGqAwM/vm+GYb5EC25dGL4GU9Mzs3PzlYXq4tLyymptbf3aZrlh2GKZyMxtAhYFV9hy3Am81Q ZBJgJvkvvToX/zgMbyTF25gcZYQl/xlDNwXurWNjupAVZc0t2O5vu+98rivOzW6uFBOCr6F6Ix1Mm4mt21YLHTy1guUTkmwNp2FGoXF2AcZwLLaie3qIHdQx/b0NCg0ewLUD3LPMZFH zOJzgwmBz0qkGjjYvRoSXe80qNpZnwrR0fqz40CpLUDmfhJCe7O/vaG4n9eO3fpcVxwpXOHin0fSnNBXUaHqdEeN8icGHgAZrh/irI78Mk5n+3ElUSWVR9f9Dusv3B9eBB5vmjUT8Jxk BWyRbbJLonIETkhZ6RJWoSRgjySJ/IcvARvwXvw8T06FYx3NshEBZ9fgaSrvQ==</latexit><latexit sha1_base64="DOcIzS+od5mXpy0BCwh1N4ymBSU=">AAACOHicbZDPSgMxEM az/q31X1U8eQkWQUFkVwp6FLx4kopWhXYps+lsDSbZkGSFsuzDeNU38E28eROvPoFp7cGqAwM/vm+GYb5EC25dGL4GU9Mzs3PzlYXq4tLyymptbf3aZrlh2GKZyMxtAhYFV9hy3Am81Q ZBJgJvkvvToX/zgMbyTF25gcZYQl/xlDNwXurWNjupAVZc0t2O5vu+98rivOzW6uFBOCr6F6Ix1Mm4mt21YLHTy1guUTkmwNp2FGoXF2AcZwLLaie3qIHdQx/b0NCg0ewLUD3LPMZFH zOJzgwmBz0qkGjjYvRoSXe80qNpZnwrR0fqz40CpLUDmfhJCe7O/vaG4n9eO3fpcVxwpXOHin0fSnNBXUaHqdEeN8icGHgAZrh/irI78Mk5n+3ElUSWVR9f9Dusv3B9eBB5vmjUT8Jxk BWyRbbJLonIETkhZ6RJWoSRgjySJ/IcvARvwXvw8T06FYx3NshEBZ9fgaSrvQ==</latexit>
T/K
<latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit>
T/K
<latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit>
T/K
<latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit><latexit sha1_base64="RXaah3VQ8x8XHrBl7SrnI/OviSI=">AAACJHic bZDLSgNBEEV7fMbER6JLN4NBcCFxRgK6DLgR3ETMC5Ih1HQqSZPunqG7RwhDPsGt/oFf405cuPFb7DwWJvFCweFWFUXdMOZMG8/7djY2t7Z3djN72dz+we FRvnDc0FGiKNZpxCPVCkEjZxLrhhmOrVghiJBjMxzdTfvNZ1SaRbJmxjEGAgaS9RkFY62n2tVDN1/0St5M7jr4CyiShardgpPr9CKaCJSGctC67XuxCVJQh lGOk2wn0RgDHcEA21COIUZ1yUH2NLUYpAOMBBo1Xh60KEGgDtLZUxP33Do9tx8pW9K4M/fvRgpC67EI7aQAM9Srvan5X6+dmP5tkDIZJwYlnR/qJ9w1kTt NyO0xhdTwsQWgitmnXDoEBdTYHJeuhGKStfH5q2GtQ+O65Ft+LBcr3iLIDDklZ+SC+OSGVMg9qZI6oWRAXsgreXPenQ/n0/maj244i50TsiTn5xdT+KQW</ latexit>
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FIG. 2. Results of MC simulations of the model (1):
(a) specific heat C and (b) normalized spin structure factor
S(pi, pi)/N and scalar spin chirality χ. (c) A spin configura-
tion in MC simulation at T/K = 0.1. Each point represents
spin orientation. Arrows are guide for eyes. (d) Spin chirality
of fluctuating spins δχ.
model is calculated by MC simulations using a standard
single-spin-flip Metropolis algorithm [38]. Figure 2 shows
the results of MC simulations with Hspin. The specific
3heat C in Fig. 2(a) shows a peak at Tc/K ' 2, and the
normalized structure factor S(pi, pi)/N = 〈[(∑i∈a,c Si)−
(
∑
i∈b,d Si)]
2〉/N2, [N(= L2) is the number of spins and
L is the size of the system.] becomes nonzero below Tc
reflecting a phase transition to a magnetic order phase.
In the lowest T , S(pi, pi)/N approaches S3Q/N = 1/3,
and χ approaches χ3Q = 4/(3
√
3) as shown in Fig. 2(b).
Figure 2(c) shows a spin configuration obtained in simu-
lation at the sufficiently low T . These results consistently
show that the ground state is the 3Q order and the phase
transition is continuous. We also find that the overall be-
havior of the above quantities are sufficiently converged
with L ≥ 24 with some finite size effect close to Tc. The
behavior of C, S(pi, pi)/N , and χ as well as the observed
finite size effect indicates that the phase transition is con-
tinuous.
We note that the scalar spin chirality remains positive
in the entire T range, even above Tc [Fig. 2(b)]. The
nonzero χ comes from the local correlation of fluctuating
spins under the Bχ field in Eq. (1), which acts as the
“magnetic field” for χ. As a measure of the chirality due
to the fluctuating spins, we use
δχ =
χ
χ3Q
−
[
S(pi, pi)
S3Q
] 3
2
. (2)
In contrast, δχ shows a different T dependence. Fig-
ure 2(d) shows δχ increases with increasing T and shows
a cusp like peak at Tc. The magnetic scattering by fluctu-
ating spins produces anomalous Hall effect proportional
to the scalar spin chirality [17, 18]. Therefore, the fluctu-
ating spins may produce a non-monotonic T dependence
of σTHE.
Anomalous Hall conductivity — To study the T depen-
dence of σTHE, we consider itinerant electrons coupled to
the spins in Hspin. The electrons are coupled to the local-
ized spins via Hund’s coupling, i.e., we consider a Kondo
lattice model on the triangular lattice. The Hamiltonian
reads:
HKL = −t
∑
〈i,j〉,s
(c†iscjs+h.c.)−J
∑
i,s,s′
Si ·(c†isσss′cis′), (3)
where σ = (σx, σy, σz) are the vector of Pauli matri-
ces, and c†is (cis) is a creation (annihilation) operator of
itinerant electron at site i with spin s. The first term
represents the kinetic energy term of itinerant electrons,
and the second term the Hund’s coupling. We assume
that the coupling is relatively weak (J = t/2), and the
energy scale in the electron system is much larger than
the spin system. Then, for simplicity, we fix the tem-
perature of the electron system Tel/t = 0.025. The Hall
conductivity σTHE is calculated by Kubo formula using
spin configurations generated by the MC simulation [38–
43].
Figures 3(b,c) show σTHE(T ) at nel = 0.3 and 0.7 as
examples. Different lines are for different choices of L
and Lφ; we find only small finite size effect after taking
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<latexit sha1_base64="KGewKFwlmHmSwJxT0E8yde5POZI=">AAACL3icbZDPSsNAEMY3/q31b/XoZ bEIHqQkUtCLUPDisYK1hTaWyWbaLu5uwu5GKCHv4VXfwKcRL+LVt3Bbe7DVDwZ+fDPDMF+UCm6s7797S8srq2vrpY3y5tb2zu5eZf/OJJlm2GKJSHQnAoOCK2xZbgV2Uo0gI4Ht6OFq0m8/ojY8Ubd2nGIoYaj4g DOwzrpX/bynJUVRXPq18/5e1a/5U9G/EMygSmZq9iveZi9OWCZRWSbAmG7gpzbMQVvOBBblXmYwBfYAQ+xCPYUU9akAFRvmMMyHmEi0ejw/6FCBRBPm0/8KeuycmA4S7UpZOnV/b+QgjRnLyE1KsCOz2JuY//W6mR 1chDlXaWZRsZ9Dg0xQm9BJWDTmGpkVYwfANHdPUTYCDcy6SOeuRLIou/iCxbD+wt1ZLXB8U682/FmQJXJIjsgJCcg5aZBr0iQtwogmT+SZvHiv3pv34X3+jC55s50DMifv6xv0O6h5</latexit><latexit sha1_base64="KGewKFwlmHmSwJxT0E8yde5POZI=">AAACL3icbZDPSsNAEMY3/q31b/XoZ bEIHqQkUtCLUPDisYK1hTaWyWbaLu5uwu5GKCHv4VXfwKcRL+LVt3Bbe7DVDwZ+fDPDMF+UCm6s7797S8srq2vrpY3y5tb2zu5eZf/OJJlm2GKJSHQnAoOCK2xZbgV2Uo0gI4Ht6OFq0m8/ojY8Ubd2nGIoYaj4g DOwzrpX/bynJUVRXPq18/5e1a/5U9G/EMygSmZq9iveZi9OWCZRWSbAmG7gpzbMQVvOBBblXmYwBfYAQ+xCPYUU9akAFRvmMMyHmEi0ejw/6FCBRBPm0/8KeuycmA4S7UpZOnV/b+QgjRnLyE1KsCOz2JuY//W6mR 1chDlXaWZRsZ9Dg0xQm9BJWDTmGpkVYwfANHdPUTYCDcy6SOeuRLIou/iCxbD+wt1ZLXB8U682/FmQJXJIjsgJCcg5aZBr0iQtwogmT+SZvHiv3pv34X3+jC55s50DMifv6xv0O6h5</latexit><latexit sha1_base64="KGewKFwlmHmSwJxT0E8yde5POZI=">AAACL3icbZDPSsNAEMY3/q31b/XoZ bEIHqQkUtCLUPDisYK1hTaWyWbaLu5uwu5GKCHv4VXfwKcRL+LVt3Bbe7DVDwZ+fDPDMF+UCm6s7797S8srq2vrpY3y5tb2zu5eZf/OJJlm2GKJSHQnAoOCK2xZbgV2Uo0gI4Ht6OFq0m8/ojY8Ubd2nGIoYaj4g DOwzrpX/bynJUVRXPq18/5e1a/5U9G/EMygSmZq9iveZi9OWCZRWSbAmG7gpzbMQVvOBBblXmYwBfYAQ+xCPYUU9akAFRvmMMyHmEi0ejw/6FCBRBPm0/8KeuycmA4S7UpZOnV/b+QgjRnLyE1KsCOz2JuY//W6mR 1chDlXaWZRsZ9Dg0xQm9BJWDTmGpkVYwfANHdPUTYCDcy6SOeuRLIou/iCxbD+wt1ZLXB8U682/FmQJXJIjsgJCcg5aZBr0iQtwogmT+SZvHiv3pv34X3+jC55s50DMifv6xv0O6h5</latexit><latexit sha1_base64="KGewKFwlmHmSwJxT0E8yde5POZI=">AAACL3icbZDPSsNAEMY3/q31b/XoZ bEIHqQkUtCLUPDisYK1hTaWyWbaLu5uwu5GKCHv4VXfwKcRL+LVt3Bbe7DVDwZ+fDPDMF+UCm6s7797S8srq2vrpY3y5tb2zu5eZf/OJJlm2GKJSHQnAoOCK2xZbgV2Uo0gI4Ht6OFq0m8/ojY8Ubd2nGIoYaj4g DOwzrpX/bynJUVRXPq18/5e1a/5U9G/EMygSmZq9iveZi9OWCZRWSbAmG7gpzbMQVvOBBblXmYwBfYAQ+xCPYUU9akAFRvmMMyHmEi0ejw/6FCBRBPm0/8KeuycmA4S7UpZOnV/b+QgjRnLyE1KsCOz2JuY//W6mR 1chDlXaWZRsZ9Dg0xQm9BJWDTmGpkVYwfANHdPUTYCDcy6SOeuRLIou/iCxbD+wt1ZLXB8U682/FmQJXJIjsgJCcg5aZBr0iQtwogmT+SZvHiv3pv34X3+jC55s50DMifv6xv0O6h5</latexit>
nel
<latexit sha1_base64="w3NrH6z5EvzWmQDrD7Gcm3mcxNQ=">AAACK3icbZDPSsNAEMY39V 9t/e/Ry2IRPIgkUtCj4MWjgq3FNpTJdlqX7m7C7kYIIW/hVd/Ap/GkePU93NYcbOsHAz++mWGYL0oEN9b3P7zK0vLK6lp1vVbf2Nza3tnda5s41QxbLBax7kRgUHCFLcutwE6iEWQk8D4aX036 90+oDY/Vnc0SDCWMFB9yBtZZD6qf97SkKIr+TsM/9aeiixCU0CClbvq7Xr03iFkqUVkmwJhu4Cc2zEFbzgQWtV5qMAE2hhF2oZlAgvpEgBoY5jDMRxhLtDqbHXSoQKIJ8+lvBT1yzoAOY+1KWTp 1/27kII3JZOQmJdhHM9+bmP/1uqkdXoQ5V0lqUbHfQ8NUUBvTSVB0wDUyKzIHwDR3T1H2CBqYdXHOXIlkUXPxBfNhLUL77DRwfNtsXDbLIKvkgBySYxKQc3JJrskNaRFGFHkmL+TVe/PevU/v6 3e04pU7+2RG3vcP4aCngw==</latexit><latexit sha1_base64="w3NrH6z5EvzWmQDrD7Gcm3mcxNQ=">AAACK3icbZDPSsNAEMY39V 9t/e/Ry2IRPIgkUtCj4MWjgq3FNpTJdlqX7m7C7kYIIW/hVd/Ap/GkePU93NYcbOsHAz++mWGYL0oEN9b3P7zK0vLK6lp1vVbf2Nza3tnda5s41QxbLBax7kRgUHCFLcutwE6iEWQk8D4aX036 90+oDY/Vnc0SDCWMFB9yBtZZD6qf97SkKIr+TsM/9aeiixCU0CClbvq7Xr03iFkqUVkmwJhu4Cc2zEFbzgQWtV5qMAE2hhF2oZlAgvpEgBoY5jDMRxhLtDqbHXSoQKIJ8+lvBT1yzoAOY+1KWTp 1/27kII3JZOQmJdhHM9+bmP/1uqkdXoQ5V0lqUbHfQ8NUUBvTSVB0wDUyKzIHwDR3T1H2CBqYdXHOXIlkUXPxBfNhLUL77DRwfNtsXDbLIKvkgBySYxKQc3JJrskNaRFGFHkmL+TVe/PevU/v6 3e04pU7+2RG3vcP4aCngw==</latexit><latexit sha1_base64="w3NrH6z5EvzWmQDrD7Gcm3mcxNQ=">AAACK3icbZDPSsNAEMY39V 9t/e/Ry2IRPIgkUtCj4MWjgq3FNpTJdlqX7m7C7kYIIW/hVd/Ap/GkePU93NYcbOsHAz++mWGYL0oEN9b3P7zK0vLK6lp1vVbf2Nza3tnda5s41QxbLBax7kRgUHCFLcutwE6iEWQk8D4aX036 90+oDY/Vnc0SDCWMFB9yBtZZD6qf97SkKIr+TsM/9aeiixCU0CClbvq7Xr03iFkqUVkmwJhu4Cc2zEFbzgQWtV5qMAE2hhF2oZlAgvpEgBoY5jDMRxhLtDqbHXSoQKIJ8+lvBT1yzoAOY+1KWTp 1/27kII3JZOQmJdhHM9+bmP/1uqkdXoQ5V0lqUbHfQ8NUUBvTSVB0wDUyKzIHwDR3T1H2CBqYdXHOXIlkUXPxBfNhLUL77DRwfNtsXDbLIKvkgBySYxKQc3JJrskNaRFGFHkmL+TVe/PevU/v6 3e04pU7+2RG3vcP4aCngw==</latexit><latexit sha1_base64="w3NrH6z5EvzWmQDrD7Gcm3mcxNQ=">AAACK3icbZDPSsNAEMY39V 9t/e/Ry2IRPIgkUtCj4MWjgq3FNpTJdlqX7m7C7kYIIW/hVd/Ap/GkePU93NYcbOsHAz++mWGYL0oEN9b3P7zK0vLK6lp1vVbf2Nza3tnda5s41QxbLBax7kRgUHCFLcutwE6iEWQk8D4aX036 90+oDY/Vnc0SDCWMFB9yBtZZD6qf97SkKIr+TsM/9aeiixCU0CClbvq7Xr03iFkqUVkmwJhu4Cc2zEFbzgQWtV5qMAE2hhF2oZlAgvpEgBoY5jDMRxhLtDqbHXSoQKIJ8+lvBT1yzoAOY+1KWTp 1/27kII3JZOQmJdhHM9+bmP/1uqkdXoQ5V0lqUbHfQ8NUUBvTSVB0wDUyKzIHwDR3T1H2CBqYdXHOXIlkUXPxBfNhLUL77DRwfNtsXDbLIKvkgBySYxKQc3JJrskNaRFGFHkmL+TVe/PevU/v6 3e04pU7+2RG3vcP4aCngw==</latexit>
(b)     
(c)     
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E
<latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit>
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H
E
<latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit><latexit sha1_base64="9rVSZ8jq3GhYl7XdmYxuxrIJYC0=">AAACM3icbZDPSgMxEMaz9V+t/1o9egkWwYPIbinosSBCjwrWFtqlzKbTNphklyRbKEvfxKu+gQ8j3sSr72Ba92CtHwz8+GaGYb4oEdxY33/zCmvrG5tbxe3Szu7e/kG5cvhg4lQzbLFYxLoTgUHBFbYstwI7iUaQkcB29Hg977cnqA2P1b2dJhhKGCk+5Ayss/rlcs/wkYR+1tOS3jdvZv1y1b/wF6KrEORQJblu+xVvpzeIWSpRWSbAmG7gJzbMQFvOBM5KvdRgAuwRRtiFegIJ6nMBamCYwzAbYSzR6unyoEMFEk2YLX6c0VPnDOgw1q6UpQv390YG0pipjNykBDs2f3tz879eN7XDqzDjKkktKvZzaJgKamM6D4wOuEZmxdQBMM3dU5SNQQOzLtalK5GclVx8wd+wVuGhdhE4vqtXG7U8yCI5JifkjATkkjRIk9ySFmFkQp7IM3nxXr1378P7/BktePnOEVmS9/UN8s2p/Q==</latexit>
nel = 0.3
<latexit sha1_base64="4xA4t7rE6kBPUiyKWuzqlkDJXKg=">AAACL3icbZDPSsNAEMY3/q2t/z16W SyCBymJCnoRBC8eK1hbaGOZbCbt4u4m7G6EEvoeXvUNfBrxIl59C7e1B9v6wcCPb2YY5osywY31/Q9vYXFpeWW1tFaurG9sbm3v7N6bNNcMGywVqW5FYFBwhQ3LrcBWphFkJLAZPV6P+s0n1Ian6s4OMgwl9BRPO APrrAfVLTpaUhTDS7922t2u+jV/LDoPwQSqZKJ6d8erdOKU5RKVZQKMaQd+ZsMCtOVM4LDcyQ1mwB6hh204yyBDfSxAxYY5DIsephKtHkwPOlQg0YTF+L8hPXROTJNUu1KWjt2/GwVIYwYycpMSbN/M9kbmf712bp OLsOAqyy0q9nsoyQW1KR2FRWOukVkxcABMc/cUZX3QwKyLdOpKJIdlF18wG9Y83J/UAse3Z9UrfxJkieyTA3JEAnJOrsgNqZMGYUSTZ/JCXr0379379L5+Rxe8yc4emZL3/QPtQ6h1</latexit><latexit sha1_base64="4xA4t7rE6kBPUiyKWuzqlkDJXKg=">AAACL3icbZDPSsNAEMY3/q2t/z16W SyCBymJCnoRBC8eK1hbaGOZbCbt4u4m7G6EEvoeXvUNfBrxIl59C7e1B9v6wcCPb2YY5osywY31/Q9vYXFpeWW1tFaurG9sbm3v7N6bNNcMGywVqW5FYFBwhQ3LrcBWphFkJLAZPV6P+s0n1Ian6s4OMgwl9BRPO APrrAfVLTpaUhTDS7922t2u+jV/LDoPwQSqZKJ6d8erdOKU5RKVZQKMaQd+ZsMCtOVM4LDcyQ1mwB6hh204yyBDfSxAxYY5DIsephKtHkwPOlQg0YTF+L8hPXROTJNUu1KWjt2/GwVIYwYycpMSbN/M9kbmf712bp OLsOAqyy0q9nsoyQW1KR2FRWOukVkxcABMc/cUZX3QwKyLdOpKJIdlF18wG9Y83J/UAse3Z9UrfxJkieyTA3JEAnJOrsgNqZMGYUSTZ/JCXr0379379L5+Rxe8yc4emZL3/QPtQ6h1</latexit><latexit sha1_base64="4xA4t7rE6kBPUiyKWuzqlkDJXKg=">AAACL3icbZDPSsNAEMY3/q2t/z16W SyCBymJCnoRBC8eK1hbaGOZbCbt4u4m7G6EEvoeXvUNfBrxIl59C7e1B9v6wcCPb2YY5osywY31/Q9vYXFpeWW1tFaurG9sbm3v7N6bNNcMGywVqW5FYFBwhQ3LrcBWphFkJLAZPV6P+s0n1Ian6s4OMgwl9BRPO APrrAfVLTpaUhTDS7922t2u+jV/LDoPwQSqZKJ6d8erdOKU5RKVZQKMaQd+ZsMCtOVM4LDcyQ1mwB6hh204yyBDfSxAxYY5DIsephKtHkwPOlQg0YTF+L8hPXROTJNUu1KWjt2/GwVIYwYycpMSbN/M9kbmf712bp OLsOAqyy0q9nsoyQW1KR2FRWOukVkxcABMc/cUZX3QwKyLdOpKJIdlF18wG9Y83J/UAse3Z9UrfxJkieyTA3JEAnJOrsgNqZMGYUSTZ/JCXr0379379L5+Rxe8yc4emZL3/QPtQ6h1</latexit><latexit sha1_base64="4xA4t7rE6kBPUiyKWuzqlkDJXKg=">AAACL3icbZDPSsNAEMY3/q2t/z16W SyCBymJCnoRBC8eK1hbaGOZbCbt4u4m7G6EEvoeXvUNfBrxIl59C7e1B9v6wcCPb2YY5osywY31/Q9vYXFpeWW1tFaurG9sbm3v7N6bNNcMGywVqW5FYFBwhQ3LrcBWphFkJLAZPV6P+s0n1Ian6s4OMgwl9BRPO APrrAfVLTpaUhTDS7922t2u+jV/LDoPwQSqZKJ6d8erdOKU5RKVZQKMaQd+ZsMCtOVM4LDcyQ1mwB6hh204yyBDfSxAxYY5DIsephKtHkwPOlQg0YTF+L8hPXROTJNUu1KWjt2/GwVIYwYycpMSbN/M9kbmf712bp OLsOAqyy0q9nsoyQW1KR2FRWOukVkxcABMc/cUZX3QwKyLdOpKJIdlF18wG9Y83J/UAse3Z9UrfxJkieyTA3JEAnJOrsgNqZMGYUSTZ/JCXr0379379L5+Rxe8yc4emZL3/QPtQ6h1</latexit>
      THE(T/Tc) THE(T = 0)
    
<latexit sha1_base64="gddXO2QPWjfjihynfCllDNnmDgQ=">AAACZ3icbZHRStxAFIZnU9vat a1rC1LozdiloFBsIkJ7Iwha8NLCrgqbEE5mT7KDM5MwcyIsMS/k0/RW38C3cHbdi656YODj/8+Zw/yTVUo6CsPbTvBq5fWbt6vvumvvP3xc7218OnNlbQUORalKe5GBQyUNDkmSwovKIuhM4Xl2eTTzz6 /QOlmaAU0rTDQURuZSAHkp7R3HCnO67sa5BdHEThYa0ia2mg9O/rTbg5+DVOy0LxgH4U7bja0sJnSd9vrhbjgv/hyiBfTZok7Tjc5aPC5FrdGQUODcKAorShqwJIVCf3HtsAJxCQWOYL+CCu0PBWbshMe kKbDUSHa63OjRgEaXNPNcWv7dK2Oel9YfQ3yu/j/RgHZuqjPfqYEm7qk3E1/yRjXlv5NGmqomNOJxUV4rTiWfhczH0qIgNfUAwkr/KC4m4BMm/xVLWzLddn180dOwnsPZ3m7k+e9+/zBcBLnKvrJvbJt F7Bc7ZCfslA2ZYDfsH7tld537YD3YDL48tgadxcxntlTB1gNjZ7p4</latexit><latexit sha1_base64="gddXO2QPWjfjihynfCllDNnmDgQ=">AAACZ3icbZHRStxAFIZnU9vat a1rC1LozdiloFBsIkJ7Iwha8NLCrgqbEE5mT7KDM5MwcyIsMS/k0/RW38C3cHbdi656YODj/8+Zw/yTVUo6CsPbTvBq5fWbt6vvumvvP3xc7218OnNlbQUORalKe5GBQyUNDkmSwovKIuhM4Xl2eTTzz6 /QOlmaAU0rTDQURuZSAHkp7R3HCnO67sa5BdHEThYa0ia2mg9O/rTbg5+DVOy0LxgH4U7bja0sJnSd9vrhbjgv/hyiBfTZok7Tjc5aPC5FrdGQUODcKAorShqwJIVCf3HtsAJxCQWOYL+CCu0PBWbshMe kKbDUSHa63OjRgEaXNPNcWv7dK2Oel9YfQ3yu/j/RgHZuqjPfqYEm7qk3E1/yRjXlv5NGmqomNOJxUV4rTiWfhczH0qIgNfUAwkr/KC4m4BMm/xVLWzLddn180dOwnsPZ3m7k+e9+/zBcBLnKvrJvbJt F7Bc7ZCfslA2ZYDfsH7tld537YD3YDL48tgadxcxntlTB1gNjZ7p4</latexit><latexit sha1_base64="gddXO2QPWjfjihynfCllDNnmDgQ=">AAACZ3icbZHRStxAFIZnU9vat a1rC1LozdiloFBsIkJ7Iwha8NLCrgqbEE5mT7KDM5MwcyIsMS/k0/RW38C3cHbdi656YODj/8+Zw/yTVUo6CsPbTvBq5fWbt6vvumvvP3xc7218OnNlbQUORalKe5GBQyUNDkmSwovKIuhM4Xl2eTTzz6 /QOlmaAU0rTDQURuZSAHkp7R3HCnO67sa5BdHEThYa0ia2mg9O/rTbg5+DVOy0LxgH4U7bja0sJnSd9vrhbjgv/hyiBfTZok7Tjc5aPC5FrdGQUODcKAorShqwJIVCf3HtsAJxCQWOYL+CCu0PBWbshMe kKbDUSHa63OjRgEaXNPNcWv7dK2Oel9YfQ3yu/j/RgHZuqjPfqYEm7qk3E1/yRjXlv5NGmqomNOJxUV4rTiWfhczH0qIgNfUAwkr/KC4m4BMm/xVLWzLddn180dOwnsPZ3m7k+e9+/zBcBLnKvrJvbJt F7Bc7ZCfslA2ZYDfsH7tld537YD3YDL48tgadxcxntlTB1gNjZ7p4</latexit><latexit sha1_base64="gddXO2QPWjfjihynfCllDNnmDgQ=">AAACZ3icbZHRStxAFIZnU9vat a1rC1LozdiloFBsIkJ7Iwha8NLCrgqbEE5mT7KDM5MwcyIsMS/k0/RW38C3cHbdi656YODj/8+Zw/yTVUo6CsPbTvBq5fWbt6vvumvvP3xc7218OnNlbQUORalKe5GBQyUNDkmSwovKIuhM4Xl2eTTzz6 /QOlmaAU0rTDQURuZSAHkp7R3HCnO67sa5BdHEThYa0ia2mg9O/rTbg5+DVOy0LxgH4U7bja0sJnSd9vrhbjgv/hyiBfTZok7Tjc5aPC5FrdGQUODcKAorShqwJIVCf3HtsAJxCQWOYL+CCu0PBWbshMe kKbDUSHa63OjRgEaXNPNcWv7dK2Oel9YfQ3yu/j/RgHZuqjPfqYEm7qk3E1/yRjXlv5NGmqomNOJxUV4rTiWfhczH0qIgNfUAwkr/KC4m4BMm/xVLWzLddn180dOwnsPZ3m7k+e9+/zBcBLnKvrJvbJt F7Bc7ZCfslA2ZYDfsH7tld537YD3YDL48tgadxcxntlTB1gNjZ7p4</latexit>
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<latexit sha1_base64="LHbJno+UVYqE2irPwQ4lzNjpFiU="></latexit><latexit sha1_base64="LHbJno+UVYqE2irPwQ4lzNjpFiU="></latexit><latexit sha1_base64="LHbJno+UVYqE2irPwQ4lzNjpFiU="></latexit><latexit sha1_base64="LHbJno+UVYqE2irPwQ4lzNjpFiU="></latexit>
T/Tc
<latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit>
(⇥3) Perturbation theory
<latexit sha1_base64="5UTOumnbsUNozuCyZcmihZDrRFU=">AAACSHicbZD PSiNBEMZ7oru6cf9E9+il2SBEWGTGFfQoePGYBZMIyRBqOpWksf8M3TViGOIL+DRe9Q18A9/Cm3izE3PY6BY0/Pi+Kqrry3IlPcXxY1RZWf30eW39S3Xj67fvP2qb W21vCyewJayy7jwDj0oabJEkhee5Q9CZwk52cTLzO5fovLTmjCY5phpGRg6lAApSv7bT6JHU6Pmf3ese4RWVTXRUuGzucxqjdZNpv1aP9+J58Y+QLKDOFtXsb0Ybv YEVhUZDQoH33STOKS3BkRQKp9Ve4TEHcQEj7MJBDjm63wrMwIuAaTlCq5HC5qXGgAbCZ9NyfviU7wRlwIfWhWeIz9V/J0rQ3k90Fjo10Ni/92bi/7xuQcOjtJQmLw iNeFs0LBQny2cp8oF0KEhNAoBwMhzFxRgcCApZL23J9LQa4kveh/UR2vt7SeC/B/XjxiLIdbbNfrEGS9ghO2anrMlaTLAbdsvu2H30ED1Fz9HLW2slWsz8ZEtVqbw Cgy6yOQ==</latexit><latexit sha1_base64="5UTOumnbsUNozuCyZcmihZDrRFU=">AAACSHicbZD PSiNBEMZ7oru6cf9E9+il2SBEWGTGFfQoePGYBZMIyRBqOpWksf8M3TViGOIL+DRe9Q18A9/Cm3izE3PY6BY0/Pi+Kqrry3IlPcXxY1RZWf30eW39S3Xj67fvP2qb W21vCyewJayy7jwDj0oabJEkhee5Q9CZwk52cTLzO5fovLTmjCY5phpGRg6lAApSv7bT6JHU6Pmf3ese4RWVTXRUuGzucxqjdZNpv1aP9+J58Y+QLKDOFtXsb0Ybv YEVhUZDQoH33STOKS3BkRQKp9Ve4TEHcQEj7MJBDjm63wrMwIuAaTlCq5HC5qXGgAbCZ9NyfviU7wRlwIfWhWeIz9V/J0rQ3k90Fjo10Ni/92bi/7xuQcOjtJQmLw iNeFs0LBQny2cp8oF0KEhNAoBwMhzFxRgcCApZL23J9LQa4kveh/UR2vt7SeC/B/XjxiLIdbbNfrEGS9ghO2anrMlaTLAbdsvu2H30ED1Fz9HLW2slWsz8ZEtVqbw Cgy6yOQ==</latexit><latexit sha1_base64="5UTOumnbsUNozuCyZcmihZDrRFU=">AAACSHicbZD PSiNBEMZ7oru6cf9E9+il2SBEWGTGFfQoePGYBZMIyRBqOpWksf8M3TViGOIL+DRe9Q18A9/Cm3izE3PY6BY0/Pi+Kqrry3IlPcXxY1RZWf30eW39S3Xj67fvP2qb W21vCyewJayy7jwDj0oabJEkhee5Q9CZwk52cTLzO5fovLTmjCY5phpGRg6lAApSv7bT6JHU6Pmf3ese4RWVTXRUuGzucxqjdZNpv1aP9+J58Y+QLKDOFtXsb0Ybv YEVhUZDQoH33STOKS3BkRQKp9Ve4TEHcQEj7MJBDjm63wrMwIuAaTlCq5HC5qXGgAbCZ9NyfviU7wRlwIfWhWeIz9V/J0rQ3k90Fjo10Ni/92bi/7xuQcOjtJQmLw iNeFs0LBQny2cp8oF0KEhNAoBwMhzFxRgcCApZL23J9LQa4kveh/UR2vt7SeC/B/XjxiLIdbbNfrEGS9ghO2anrMlaTLAbdsvu2H30ED1Fz9HLW2slWsz8ZEtVqbw Cgy6yOQ==</latexit><latexit sha1_base64="5UTOumnbsUNozuCyZcmihZDrRFU=">AAACSHicbZD PSiNBEMZ7oru6cf9E9+il2SBEWGTGFfQoePGYBZMIyRBqOpWksf8M3TViGOIL+DRe9Q18A9/Cm3izE3PY6BY0/Pi+Kqrry3IlPcXxY1RZWf30eW39S3Xj67fvP2qb W21vCyewJayy7jwDj0oabJEkhee5Q9CZwk52cTLzO5fovLTmjCY5phpGRg6lAApSv7bT6JHU6Pmf3ese4RWVTXRUuGzucxqjdZNpv1aP9+J58Y+QLKDOFtXsb0Ybv YEVhUZDQoH33STOKS3BkRQKp9Ve4TEHcQEj7MJBDjm63wrMwIuAaTlCq5HC5qXGgAbCZ9NyfviU7wRlwIfWhWeIz9V/J0rQ3k90Fjo10Ni/92bi/7xuQcOjtJQmLw iNeFs0LBQny2cp8oF0KEhNAoBwMhzFxRgcCApZL23J9LQa4kveh/UR2vt7SeC/B/XjxiLIdbbNfrEGS9ghO2anrMlaTLAbdsvu2H30ED1Fz9HLW2slWsz8ZEtVqbw Cgy6yOQ==</latexit>
0.1 1 10 100 1000
L=32L=24
T c
<latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit>
T c
<latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit><latexit sha1_base64="DhQywYNC576D25qUb0rAcf06qYg=">AAACJnicbZDLSgNBEE V7fMbER6JLN4NBcCFxRgK6DLhxGSGTBJIh1HQqSZPunqG7RwhDvsGt/oFf407EnZ9i57EwiRcKDreqKOpGCWfaeN63s7W9s7u3nzvIFw6Pjk+KpdOmjlNFMaAxj1U7Ao2cSQwMMxzbi UIQEcdWNH6Y9VvPqDSLZcNMEgwFDCUbMArGWkHjptGjvWLZq3hzuZvgL6FMlqr3Sk6h249pKlAaykHrju8lJsxAGUY5TvPdVGMCdAxD7EA1gQTVNQfZ19RimA0xFmjUZHXQogSBOszm b03dS+v03UGsbEnjzt2/GxkIrScispMCzEiv92bmf71Oagb3YcZkkhqUdHFokHLXxO4sI7fPFFLDJxaAKmafcukIFFBjk1y5Eolp3sbnr4e1Cc3bim/5qVquecsgc+ScXJAr4pM7UiOP pE4CQgkjL+SVvDnvzofz6XwtRrec5c4ZWZHz8wsCE6T1</latexit>
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FIG. 3. Hall conductivity σTHE as a function of nel and
T . (a) Contour plot of |σTHE(T/Tc)/σTHE(T = 0)| computed
with L = 32 and Lφ = 3. (b,c) σTHE(T/Tc) at nel = 0.3 and
0.7. (d) Ratio of σTHE(T/Tc = 1/2, 1, or 3/2) and σTHE(T =
0) [44]. (e) nel dependence of σTHE(T  Tc) and σTHE(T =
0). Solid lines are obtained by the perturbation theory with
a scale factor 3 for visibility [17].
the average over the twisted boundaries. When nel =
0.3 [Fig. 3(b)], we find σTHE ∼ 10−2e2/h at T/Tc =
0.05  1. However, σTHE monotonically increases with
increasing T , reaching σTHE ∼ 0.3e2/h at T ∼ Tc; this is
approximately 30 times larger than σTHE(T/Tc = 0.05).
In our calculation, we find the enhancement of σTHE in
nearly all choices of nel. Figure 3(c) shows the results
for nel = 0.7. Similar to Fig. 3(b), σTHE increases with
increasing T and decreases above Tc; the curve shows a
maximum around T ∼ Tc with a kink slightly below it.
This trend also appears for nel > 1 except the difference
in the sign of σTHE [38].
The increase of σTHE implies the enhancement is re-
lated to the fluctuation effect. Indeed, the T dependence
of σTHE is in contrast to that of χ, which decreases mono-
tonically with increasing T [Fig. 2(b)]. Therefore, the
enhancement is different from what is expected in the in-
trinsic THE mechanism. On the other hand, the increase
of σTHE below Tc and the maximum around Tc are coinci-
dent with the T dependence of δχ. Furthermore, at some
filling e.g., nel = 0.7 [Fig. 3(c)], σTHE shows a cusp at Tc
resembling δχ. These features imply the enhancement is
related to the spin chirality of fluctuating spins δχ, pre-
sumably related to the skew scattering mechanism [18]
Our results in Fig. 3(a) also find that the thermal ef-
fect is larger when the Fermi level is close to the band
edge, i.e., nel ∼ 0 or ∼ 2. Figure 3(d) shows the ratio
σTHE(T )/σTHE(T = 0) at T/Tc =1/2, 1, and 3/2. As
shown in the figure, σTHE(T/Tc = 1/2, 1, 3/2) is typ-
ically 2–10 times larger than σTHE(T = 0). On the
4other hand, the enhancement at the band edges are much
larger, sometimes up to 103 times of that at T = 0.
The nel ∼ 0 and ∼ 2 regions are close to the ideal
setup in which the skew scattering is often studied. In
the case nel ∼ 0 (nel ∼ 2), the electron (hole) bands
are well approximated by the quadratic dispersion. The
skew scattering in these situations are often driven by the
large-angle scattering, which is dominant when ξkF  1.
Here, kF and ξ are the Fermi wavenumber and the cor-
relation length for χt, respectively. Therefore, the skew
scattering theory in Ref. [18] applies to this case. The
ξkF  1 condition is not satisfied when the chemical
potential moves away from the band edge. Hence, the
results may generally change due to the large Fermi sur-
face. Nevertheless, our result shows the enhancement is
commonly seen regardless of the size of the Fermi surface.
High-temperature region — We next turn to the nel de-
pendence of σTHE at a high-T region well above Tc. The
results of MC simulation are shown in Fig. 3(e). The re-
sults show a qualitatively different nel dependence com-
pared to the T = 0 result; σTHE for nel < 1 tends to be
larger than that for nel > 1 in the high T regime while
the trend is opposite in the low T near T = 0. This con-
trasting trend at a high-T is explained by the relaxation-
time (electron lifetime) dependence of skew scattering
mechanism. To see the density of state [ρ(µ)] depen-
dence, we evaluated σTHE using a perturbation method
in Ref. [17]. In the T  Tc region, the fluctuation contri-
bution is expected to be the only contribution to the Hall
effect. Also, the correlation length of the spins becomes
very short in this region. Therefore, we only take into
account the contribution from the nearest-neighbor spin
correlation. With these approximations, the conductivity
reads [17]:
σTHE =− e
2J3τ2
piN
∑
(ijk)∈t
αβγ〈SαrkSβriSγrj 〉
× Ix(rj − rk)I0(rk − ri)Iy(ri − rj), (4)
where Ia(r) ≡ 1τN
∑
k
vake
ik·r
ε2k+1/(4τ
2)
, and vk (εk) is the ve-
locity (energy) of electrons with momentum k (v0k = 1).
Here, the sum of (ijk) is limited to the three spins
forming the triangles t [Fig. 1(c)]. The electron life-
time τ is evaluated using the first Born approximation,
τ−1(µ) = 2piJ2ρ(µ). Here, we neglected the spin-spin
correlation for the evaluation of τ .
The result of Eq. (4) is shown in Fig. 3(e). The pertur-
bation theory semi-quantitatively reproduces the overall
trend of numerical results. The similarity between the
numerical results and the perturbation suggests that the
Hall effect is related to the skew scattering by the fluc-
tuating spins in the high-T regime; in the perturbation
theory, larger skew scattering contribution to σTHE is
expected when τ ∝ ρ(µ) is larger [2, 17, 18], and indeed
ρ(µ) for nel < 1 is smaller than that for nel > 1.
IV. SUMMARY AND CONCLUDING
REMARKS
To summarize, in this work, we studied the effect of the
thermal fluctuation to the spin-chirality-related anoma-
lous Hall effect. By an unbiased numerical simulation, we
find the Hall conductivity σTHE increases with increas-
ing temperature, sometimes approximately 103 times the
ground state value. Detailed analysis on the temperature
and electron-density dependence shows the enhancement
is consistent with the skew scattering mechanism pro-
posed recently [18]; the thermal enhancement is larger
when the Fermi level is close to the band edge, and is
also related to the density of states. These results show
a significant effect of the thermal fluctuation to the Hall
effect induced by non-coplanar magnetic orders.
In contrast to our results, the skew scattering mech-
anism was also discussed in relation to the sign change
of σTHE close to the critical temperature in chiral mag-
nets with long-period magnetic orders (e.g., MnGe) [18].
This is a decidedly different behavior from the current
case where the skew scattering enhances the Hall effect.
Presumably, a key difference is the size of the magnetic
structure, i.e., the characteristic wave number k∗ is large
(small) in the 3Q order (magnetic skyrmion crystals). In
the skew scattering mechanism [18], the scattering ampli-
tude is proportional to sin θ where θ is the angle between
the in-comming and out-going electrons, namely, larger
angle scattering is important. In addition to the skew
scattering, the small angle scattering is also induced by
the intrinsic topological Hall effect (THE) when k∗ is
small. In other words, from the scattering theory view-
point, the scattering channels for the skew scattering and
intrinsic THE are different for small k∗. In contrast, since
the magnetic unit cell of 3Q order has only four sites (k∗
is large), both the skew scattering and intrinsic THE in-
duce a large angle scattering. Our results presented here
shows that the magnetic fluctuation plays a non-trivial
and crucial role in magnets with such a short period or-
der.
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